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ABSTRACT
INVESTIGATION OF THE MANY OXIDATION STATES OF VANADIUM FOR THE
PURPOSE OF MAKING A RECHARGEABLE BATTERY
Kathryn Leigh Pilson, M.S.
Department of Chemistry and Biochemistry
Northern Illinois University, 2014
Petr Vanýsek, Director

The demand of large energy storage systems continues to increase with the development
and improvement of renewable energy sources such as wind turbines and photovoltaic arrays.
Electrochemical storage, or battery storage, such as lead-acid, lithium-ion, sodium based, and
redox flow batteries (RFB), can be implemented for large scale energy storage. One of the most
popular RFB is the all-vanadium redox flow cell (VRFB), which has a longer longevity, greater
stability, and lower cost compared to other battery systems. The single metal system employs
V2+/V3+ and VO2+/VO2+ as half cells for the flow battery. But, there are still various phenomena
associated with the vanadium redox flow cell that are not fully understood. Also, the limitations
of this system need to be reduced in order to fully supply the demand.
To better understand the VRFB, the multiple oxidation states of vanadium were
investigated using multiple methods. Ultraviolet visible spectroscopy (UV-VIS) and rotated disk
electrode cyclic voltammetry (RDE CV) were used to characterize the different oxidation states.
Electrochemical Impedance Spectroscopy (EIS) was employed to investigate the redox couples
used in the VRFB as well as a constructed VRFB. While exploring the various oxidation states a

precipitate was formed. The identity of the precipitate was determined using energy-dispersive
X-ray spectroscopy (EDX) and X-ray diffraction spectroscopy (XRD).
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CHAPTER 1
BACKGROUND

Introduction

Renewable power sources such as wind and solar are limitless by their nature. It
has been predicted that in future decades renewable power sources will become a greater
percentage of electricity generation due to today’s rapid and continuous exhaustion of
fossil fuels.1-4 Energy storage from renewable power sources has been an ongoing battle
since their intermittent nature makes it difficult to integrate the sources with existing
electrical supply grids.5-12 It is of the utmost importance that the energy is stored in the
most efficient way to make the most out of the limited times that they are generating
energy. The storage system would ideally have high energy efficiency, short response
time, low self-discharge, long lifetime, large capacity and be easy to operate. A good
solution to this problem would be electrochemical storage. Not only can electrochemical
storage facilitate all of the previous mentioned needs, the storage can also be transported
and/or used anywhere regardless of the connection to the commercial electrical grid and
it has a minimal environmental footprint so it can be used in sensitive locations.13-14

2

Electrochemical storage, or battery storage, include lead-acid, lithium-ion, sodium
based, and redox flow batteries (RFB). The oldest and most universally known type is
the standard lead-acid battery or more commonly known as a car battery.15-16
Traditional solid state batteries have higher energy densities than RFB, but there are
safety issues when these closed systems are scaled up. RFBs are the ideal battery for
large-scale energy storage because they have cost, mobility, flexibility, rapid response,
depth of discharge, and safety advantages over the other battery storage systems.17-18

Redox Flow Batteries

RFBs can repeatedly convert electrical energy to chemical energy and back to
electrical energy when required. A RFB consists of two reservoirs to hold the electrolyte
solutions, a pump system to force the electrolyte solution to flow through the system, a
cell stack, consisting of positive and negative electrodes divided by an ion- selective
membrane, to convert the chemical energy into electrical energy, and a connection to the
energy demanding device. A sample schematic of a simple redox battery is shown below
in Figure 1. Higher voltages and currents are required for practical applications, so there
are often multiple cells in parallel to each other to meet the demands of the system. Since
the capacity of RFBs depends on the amount and concentration of the electrolyte
solution, the capacity of the system depends on the size of the electrolyte storage tanks,
which is seen as a great advantage over other battery storage systems.18-19

3

RFBs can be separated into three categories based on the phase of the
electroactive material of the system: all liquid phase, all solid phase, and hybrid redox
flow batteries. In the all liquid phase category the chemical energy is stored in the redox
couples of electrolyte solutions. The all solid phase category has the chemical energy in
an active species on the electrode surface. In the hybrid category the chemical potential
is stored in both liquid and solid phases.18 Some of the top common RFB systems for
each category are summarized below in Table 1 and will be briefly presented in the
following sections.13, 18

Figure 1: Simple redox flow battery schematic.
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0.5 M CH3SO3H
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None

Soluble Pb-A
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Vitreous Carbon

Pb2+ + 2 H2O → PbO2 + 4 H+ + 2 eEᵒ= +1.49 V

Pb2+ + 2 e- → Pb
Eᵒ= -0.13 V

VRFB

40

30
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VO2+ + H2O → VO2+ + 2 H+ + eEᵒ= +1.0 V

V3+ + e- → V2+
Eᵒ= -0.26 V

PSB

2 M H2SO4
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Graphite Felt Nafion®117

1.3 M Na2S4 /
4 M NaBr

3 Br- → Br3- + 2 eEᵒ= +1.09 V

S42- + 2 e- → 2 S22Eᵒ= -0.27 V

Fe/Cr

ElectroPhen® with
Nafion®117
Carbon Felt

Carbon or Graphite
ion1 M CrCl 3 in 3M HCl/ Felt with Pb-Au or
exchange
1 M FeCl 2 in 3 M HCl Ag catalyst / Carbon
membrane
or Graphite Felt

Fe2+ → Fe 3+ + eEᵒ= +0.77 V

Cr3+ + e- → Cr2+
Eᵒ= -0.41 V
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80

86

65

83
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Energy
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Negative/Positive Membrane j/mAcm-2 Effiency
Electrolyte
(%)
Electrode

Reaction at Positive Electrode

Reaction at Negative
Electrode

RFB

Table 1: Summary of Common RFBs. 13, 18
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All Liquid Phase Redox Flow Batteries

Some of the most common RFBs that have the chemical energy stored in their
redox couples in the electrolyte solutions are the iron-chromium redox flow battery
(Fe/Cr RFB), polysulfide bromide flow battery (PSB), and the all-vanadium redox flow
battery (VRFB).

Iron-Chromium Redox Flow Battery

The Fe/Cr RFB was the first RFB developed by NASA after the redox flow cell
was first proposed by Thaller back in 1974.13, 20-21 This system employs the Fe2+/Fe3+
(Eᵒ = 0.77 V vs. SHE) and Cr2+/Cr3+ (Eᵒ = -0.41 V vs. SHE) redox couple in 3 M HCl.
Carbon or graphite felt electrodes are used for both the positive and negative electrodes.
To speed up the sluggish kinetics of the reduction of chromium, there is often a lead with
silver or gold catalyst on the negative electrode.13, 18 While charging the system, the
reaction at the positive electrode is an oxidation as follows:
Fe2+ → Fe3+ + e-

(1)

The reaction at the negative electrode is a reduction as follows:
Cr3+ + e- → Cr2+
Leading to the overall reaction while charging to be:

(2)
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Fe2+ + Cr3+ → Fe3+ + Cr2+

(3)

The overall standard potential for this system is 1.18 V. The reverse of these above
reactions would describe the discharge of this system.
The membrane used to separate the two electrolyte solutions is an ion-selective
membrane. This system, however, has been known to fall prey to cross-contamination,
which occurs when there is mixing of the two electrolyte solutions leading to
significantly reduced energy efficiencies and poisoning of the membrane.20 To remedy
this issue, premixed electrolyte solutions were tested, but ultimately showed no
improvement at room temperature.13, 22
The highest obtained energy efficiency of this system was 86 percent.18 This
efficiency was achieved when NASA researchers found that the chromium species were
more electrochemically active at higher operating temperatures.23-24 This finding allowed
the use of the premixed electrolyte solutions which permitted the use of new membranes
that had less resistance; since the Fe/Cr RFB could use membranes that had lower
selectivity.18
Numerous attempts were made to make the Fe/Cr RFB commercially
accessible.13, 18, 20, 22-24 This system, however, has lost the interest of investors and
researchers as of late due to low efficiencies due to cross-contamination, low energy
densities, and the cost of the catalyst required.
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Polysulfide Bromide Flow Battery

The PSB was first patented by Remick and Ang back in 1984.25 It was not until
1997 that the full concept of the PSB was patented by Zito.26 Zito has since then given his
invention rights to Regenesys Technologies Ltd. to further develop this system, which is
why the PSB is often referred to as the Regenesys cell.13, 27 This system employs the S42-/
S22- (Eᵒ = -0.27 V vs. SHE) and Br-/Br3- (Eᵒ = 1.09 V vs. SHE) redox couples. The
electrolyte solutions for this system are both sodium salt solutions; sodium polysulfide
and sodium bromide. The electrodes for this system are a graphite electrode for the
positive electrode and porous nickel sulphide as the negative electrode.18, 25 While
charging the system, the reaction at the positive electrode is an oxidation as follows:
3 Br - → Br3 - + 2 e-

(4)

The reaction at the negative electrode is a reduction as follows:
S4- + 2 e- → 2 S2-

(5)

Leading to the overall reaction while charging to be:
3 Br - + S4- → Br3 - + 2 S2-

(6)

The overall standard potential for this system is 1.36 V. The reverse of these
above reactions would describe the discharge of this system.
The membrane used for this system is a cation exchange (CE) membrane. The
primary membrane used being Nafion® 125.13, 18, 25 The membrane allows the transport
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of sodium ions to create electrical balance while blocking the anions from migrating to
the other side.18, 27-28 Cross-contamination is a huge obstacle for this system. Mixing of
the electrolyte solutions leads to excessive heat and formation of toxic gases such as, Br2
and H2S.18 This system can also develop a buildup of sulfur species at the membrane
surface, which leads to a loss of efficiency. Since cross-contamination has been an issue,
routine analytical testing and chemical treatment of the electrolyte solutions is required
for a functioning system.13, 18
The highest obtained energy efficiency of this system was 80 percent.18 This
efficiency was achieved when Zhang et al. improved the efficiency and performance of
positive electrolyte solution by switching out the electrode material.18,29-32 The material
tested included activated carbon, graphite felt, nickel foam, and metal coated graphite
felt. The electrode material with the best performance was reported to be Co-coated
graphite felt.
The PSB has been successfully scaled up and tested at two test facilities. The first
facility being the 1 MW pilot scale facility at the Aberthaw Power Station in South
Wales, UK. This facility has been able to achieve a net efficiency of 60-65% with an
energy density of 20-30 Wh L-1.27, 33 The second facility is a 12 MW facility at Tennessee
Valley Authority in Columbus, Mississippi, USA.28
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All-Vanadium Redox Flow Battery

The all-vanadium redox flow battery (VRFB) was proposed back in 1985 by
Skyllas-Kazacos at the University of New South Wales (UNSW).34-36 This system is the
most widely commercialized RFB for large scale energy storge.37 Since its conception,
the VRFB has gained a great deal of attention worldwide and continues to be one of the
most widely studied RFB.1-14, 18, 27-28, 34-70 Vanadium has very interesting
electrochemistry associated with the four adjacent oxidation states: V2+, V3+, VO2+,
VO2+, which will be discussed in a later section. The four oxidation states are coupled
together in sulfuric acid and used as the positive electrolyte, VO2+/ VO2+ (Eᵒ = 1.0 V vs.
SHE), and negative electrolyte, V2+/ V3+ (Eᵒ = -0.26 V vs. SHE), solutions. This system
uses graphite intercalated polyethylene plates as both the positive and negative electrode.
While charging the system, the reaction at the positive electrode is an oxidation as
follows:
VO2+ + H2O → VO2+ + 2 H+ + e-

(7)

The reaction at the negative electrode is a reduction as follows:
V3+ + e- → V2+

(8)

Leading to the overall reaction while charging to be:
VO2+ + H2O + V3+ → VO2+ + 2 H+ + V2+

(9)
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The overall standard potential for this system is 1.26 V. Discharge of this system
would result in the reverse of the above reactions.
One of the major drawbacks of this system would be its low specific energy
density (25-30 Wh kg-1).18 Like most other RFBs, the concentration of the electrolyte
solution determines the energy density of the system. However, at higher concentrations
of the vanadium species, solid vanadium compounds are known to precipitate out of
solution. There have been numerous studies focusing on improving the vanadium
electrolytes solutions.2, 5, 12-14, 38-50 There are numerous factors that influence the
solubility of vanadium in the electrolyte solution such as solution temperature, additives,
concentration of supporting electrolyte, and the state of charge (SOC).18 Studies found
that even with the positive effects of additives to the electrolyte solution the
concentration of the vanadium electrolyte solution was limited to 2 M.2, 43-49 At
concentrations this low the VRFB has too low of a specific energy density to be used in a
practical setting. To increase the vanadium concentration in the electrolyte solution, a
higher sulfuric acid concentration is needed for the supporting electrolyte.14 This concept
was shown when Skyllas-Kazacos et al. had an electrolyte solution containing 5.4 M V+5
in a 7 M H2SO4 that stayed stable for over 30 days.50
VO2+ is highly oxidative, which causes problems at the positive electrode. An
ideal electrode material should provide a high electrical conductivity, good mechanical
properties, strong chemical resistance, and have a long life cycle in oxidizing media.18
The high oxidative activity causes degradation of the electrode material. This limits the
electrode materials to carbon and graphite felt. There have been investigations into
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improving carbon and graphite electrode for the VRFB.1, 4, 11, 51-53 The studies on the
carbon felt electrode have been to increase the surface area of the electrode.1,51 With the
increased surface area the efficiency will increase. One of the studies used oxidized
graphite felt, which improved the electrochemical activity and increased the electrodes
surface area.52 To improve the negative electrode, graphite felt was decorated with
bismuth nanoparticles.4,11 The bismuth nanoparticles enhance the kinetics of the V3+/V2+
redox couple, which increases the energy efficiency.
The ion-exchange (IE) membrane also degrades in the presence of VO2+.
Skyllas-Kazacos et al. did studies showing that most commercially available membranes
could not hold up to the harsh oxidative environment in this system.54-55 Based on
several studies, the best membrane for this system would be a Nafion® CE membrane or
a Selemion™ anion exchange (AE) membrane.54-60 This is an disadvantage of the VRFB
since these membranes increase the cost of the system.
Since the VRFB uses vanadium as both the positive and negative electrolyte
solution, it eliminates the hazards often found if cross-contamination occurs through the
membrane. If cross-contamination between the positive electrolyte and the negative
electrolyte does occur, the system can simply be recharged and function as normal;
therefore, the electrolyte lifetime would, theoretically, be extended indefinitely. This is a
huge advantage over other RFBs that require constant analytical testing and chemical
treatments.
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The VRFB has shown the greatest potential for large scale energy storage
applications with long life cycles and high energy efficiencies.13 The first prototypes
were first developed at UNSW during the late 1980s. The first solar energy storage
application was demonstrated in 1994, at a kilowatt scale demonstration plant in
Thailand. The basic patents were purchased by Pinnacle VRB in 1998. Pinnacle VRB
then licensed the patents to Sumitomo Electric Industries (SEI) and VRB Power
Systems.28 There have been multiple, successful MW and kW scale demonstrations
worldwide over a range of applications including: load leveling, uninterrupted power
supply (UPS), power quality control, coupling with renewable energy sources, and
electric vehicles.13, 18 The major VRFB installations are summarized below in Table 2. 13,
18, 27, 61-62, 66-70

The operational cost for the VRFB is still relatively high ($500 kW h-1) due

to the cost of the vanadium, membrane, and electrodes.18 To make this system more
attainable, the cost of the components needs to be reduced.

All Solid Phase Redox Flow Batteries

All solid phase RFBs energy is stored as electrodeposits on the electrodes that are
released by either the transformation or dissolution of the electrodeposits during
discharge. In most of these systems, there is a singular electrolyte solution therefore no
membrane is required. Two of the most common RFBs that have the chemical energy
stored in the solid active material at the electrode surface are the soluble lead-acid flow
battery (Soluble Pb-A) and the zinc-nickel flow battery (ZnNi RFB).
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Table 2: Summary of major VRFB installations.13, 18, 27, 61-62, 66-70
Company

Customer

Specifications

Application

Installation
Date

University of South New
Wales, Thai Gypsum
Sumitomo Electric
Industries

Solar Demonstration House,
Thailand

5 kW/12 kWh

Solar Energy
Storage

1994

Load Leveling

1996

Load Leveling

1996

Load Leveling

2000

Mitsubishi Chemicals
Sumitomo Electric
Industries
Sumitomo Electric
Industries
VRB Power System
Sumitomo Electric
Industries
Sumitomo Electric
Industries
Sumitomo Electric
Industries
Sumitomo Electric
Industries
Sumitomo Electric
Industries
Sumitomo Electric
Industries
VRB Power System
Pinnacle VRB

Kansai Electric Power, Japan 450 kW/900 kWh
Kashima-Kita Electric Power
200 kW/800 kWh
Station, Japan
Urban Ace Awaza Building,
100 kW/800 kWh
Japan
Kansai Electric Power, Japan

200 kW/1.6 MW

Load Leveling

2000

Stellenbosch University,
South Africa

250 kW/500 kWh

Load Leveling /
UPS

2001

Tottori Sanyo Electric, Japan

AC 3 MW x 15 s

UPS

2001

Kwansei Gakuin University,
Japan

AC 500 kW x 10 h

Load Leveling

2001

Cesi, Italy

42 kW x 2 h

Load Leveling

2001

Obayashi, Japan

DC 30 kW x 8 h

Hokkaido Electric Power
Wind Farm, Japan
Insitute of Applied Energy,
Japan
Hydro Tasmania, Japan

Castle Valley, USA

Sumitomo Electric
Industries

J Power at Subaru Wind
Farm, Hokkaido, Japan
University of Aalborg,
Denmark
Tapbury Management
Ireland
University of Aalborg,
Denmark

VRB Power System
VRB Power System

AC 170 kW x 6 h
200 kW x 4 h

Hydro Tasmania, King Island,
250 kW/ 1 MWh
Australia

VRB Power System

VRB Power System

170 kW/ 1 MWh

250 kW/ 2 mWh
4 MW/ 6 MWh
5 kW x 4 h
2 MW x 6 h
5 kW x 4 h

Solar Energy
Storage
Wind Energy
Storage
Wind Energy
Storage
Wind Energy
Storage
Wind Energy
Storage
Load Leveling
Wind Energy
Storage
Solar Energy
Storage
Wind Energy
Storage
Wind Energy
Storage
Solar Energy
Storage
Wind Energy
Storage

2001
2001
2001
2003
2003
2004
2005
2006
2006
2006

VRB Power System

Riso TDU, Denmark

15 kW x 8 h

VRB Power System

Riso TDU, Denmark

15 kW x 8 h

Premium Power

Nairn Substation, Scotland

150 kWh

Load Leveling

2009

Prudent Energy

Oxnard, California

500 kW/3.6 MWh

Load Leveling

2011

Ashlawn Energy, V-fuel

Painesville Power Plant,
Ohio, USA

1 MW/8 MWh

Load Leveling

2011

Prudent Energy

Zhangbei, Heibei, China

1 MWh

Prudent Energy
Prudent Energy

California Public Utilities
100 kW/300 kWh
Commission, California, USA
Zhangbei, Heibei, China

1 MWh

Solar Energy
Storage
Solar Energy
Storage
Wind Energy
Storage

2007
2007

2011
2011
2011

14

Soluble Lead-Acid Flow Battery

The soluble Pb-A RFB was proposed by Pletcher et al. in 2004.71 This system is
different from the traditional lead-acid battery because of its use of a soluble form of
Pb(II) in the electrolyte solution.13 This solid phase RFB differs from the standard RFB
because it uses the same electrolyte solution for both the positive and negative half cells,
so there is no need for a membrane.18 Also the storage capacity for this system depends
on electrode size, not on the electrolyte solution. This system employs the Pb2+/PbO2
(Eᵒ = 1.49 V vs. SHE) and Pb2+/Pb (Eᵒ = -0.13 V vs. SHE) redox couples in
methanesulfonic acid; and reticulated vitreous carbon as the positive electrode and
reticulated Ni foam as the negative electrode. While charging the system the reaction at
the positive electrode is an oxidation as follows:
Pb2+ + 2 H2O → PbO2 + 4 H+ + 2 e-

(7)

The reaction at the negative electrode is a reduction as follows:
Pb2+ + 2 e- → Pb

(8)

Leading to the overall reaction while charging to be:
2 Pb2+ + 2 H2O → PbO2 + 4 H+ + Pb

(9)

The overall standard potential for this system is 1.62 V. Discharge of this system
would result in the reverse of the above reactions. While charging, the lead is
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electroplated onto the negative electrode. During discharge, the solid lead on the
electrode is oxidized back into the solution.
When the lead is electrodeposited, it forms a solid electrolyte interface (SEI) layer
that is roughly 1 mm thick.13 Since this layer of lead is not always uniform throughout,
dendrites can form and cause a significant loss energy efficiency or system failure.72
Dendrites form when there is a peak formed during plating of the lead onto the electrode.
The peak then has a stronger electromagnetic field than the surrounding flat metal, which
causes more lead atoms to plate on that peak. This causes a long point to form, which in
turn, causes a shorting of the electrode. In an examination of the electrodeposited lead,
Pletcher et al. found that adding hexadecyltrimethylammonium cations, C16H33(CH3)3N+,
improves the quality of the lead deposited at the electrode surface.73 This additive was
shown to reduce the formation of the dendrites, therefore increasing the cycle ability of
this system.
During the development of the soluble Pb-A RFB, there was an issue with the
reduction of the lead dioxide at the positive electrode after extended cycling.72 After
structural studies on the Pb2+/PbO2 redox couple, Pletcher et al. found that there was a
dependence on the phase structure of PbO2.74 The preferred phase structure was found to
be α-PbO2 because of how compact and smoothly it adheres to the positive electrode. As
the system cycles, β-PbO2 begins to form; β-PbO2 is loosely adhered to the electrode
surface leaving large pores in the SEI layer which causes the PbO2 to shed. To prevent
β-PbO2 formation, Pletcher et al. found that at Pb2+ concentrations should be kept above
0.3 M and high temperatures should be avoided.74
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This system is currently still in the scale up phase of its development. There had
been multiple studies scaling the laboratory scale to a several kilowatt scale.72-77 This
system has high efficiencies, low cost, and good reliability; therefore it is very likely to
make it for commercialization.18

Zinc-Nickel Flow Battery

The ZnNi RFB is a relatively new technology, being first reported by Zhang et al.
in 2007.78 Like the soluble Pb-A RFB, this system uses the same electrolyte solution for
both the positive and negative half cells, so there is no need for a membrane and the
storage capacity is dependent on electrode sizes instead of the electrolyte solution.18 This
system employs the Ni(OH)42/ NiOOH (Eᵒ = 0.49 V vs. SHE) and Zn(OH)42- / Zn
(Eᵒ = -1.22 V vs. SHE) redox couples in potassium hydroxide; and sintered nickel
hydroxide as the positive electrode and cadmium-plated copper as the negative
electrode.79 While charging the system the reaction at the positive electrode is an
oxidation as follows:
2 Ni(OH)42- + 2 OH- → 2 NiOOH + 2 H2O + 2 e-

(10)

The reaction at the negative electrode is a reduction as follows:
Zn(OH)42- + 2 e- → Zn + 4 OHLeading to the overall reaction while charging to be:

(11)
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2 Ni(OH)42- + Zn(OH)42- → 2 NiOOH + 2 H2O + 2 OH- + Zn

(12)

The overall standard potential for this system is 1.71 V. Discharge of this system
would result in the reverse of the above reactions. While charging, the zinc is
electroplated onto the negative electrode. During discharge, the solid zinc on the
electrode is oxidized back into Zn(OH)42-.
In recent studies, the ZnNi RFB has been reported to have an energy efficiency of
88% at 10 mA cm-2 and has survived 1000 cycles without failure.80-81 Like the souble PbA RFB, this system can develop issues with dendrite formation that can lead to system
failure. In terms of commercialization, the ZnNi RFB is still a ways away, but with its
low cost and high performance it can be promising.18

Hybrid Redox Flow Batteries

The hybrid RFB category is characterized by having one half cell containing
either solid phase or gaseous phase redox couples during the charge process.18 A few of
the most common hybrid RFBs are the zinc-bromide flow battery (ZBB) and the
zinc-cerium flow battery (ZnCe RFB).
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Zinc-Bromide Flow Battery

The ZBB is one of the earliest RFBs, with its initial concept being introduced by
Bradley over 100 years ago.82 Exxon began to develop this RFB starting in the early
1970s.13, 18 This system employs the Zn2+/Zn (Eᵒ = -0.76 V vs. SHE) and Br-/Br2
(Eᵒ = 1.09 V vs. SHE) redox couples. The electrolyte solutions for this system both
contain zinc and bromide; 2 M ZnBr2 in 4 M KCl is used as the negative electrolyte
solution, while 0.05 M Br2 and 2 M ZnBr2 in 4 M KCl is used as the positive electrolyte
solution.18 Carbon electrodes are used for both the positive and negative electrode. While
charging the system the reaction at the positive electrode is an oxidation as follows:
2 Br- → Br2 + 2 e-

(13)

The reaction at the negative electrode is a reduction as follows:
Zn2+ + 2 e- → Zn

(14)

Leading to the overall reaction while charging to be:
Zn2+ + 2 Br- → Br2 + Zn

(15)

The overall standard potential for this system is 1.85 V. Discharge of this system
would result in the reverse of the above reactions. While charging, zinc is electroplated
onto the negative electrode, while bromine ions, which are in equilibrium with other
bromide anions including, Br3- and Br5-, are oxidized to bromine.83 During discharge,
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zinc bromide is formed, therefore increasing the concentration of ions in the electrolyte
solutions.
The membrane used for this system is a CE membrane. The primary membrane
used is Nafion® 125.13 This membrane allows zinc and bromide cations to pass through
while blocking the bromine ions.27 Cross-contamination is an issue for this system. To
prevent bromide ions from crossing the membrane, complexing agents, such as
N-methyl-N-ethyl-morpholinium bromide or N-methyl-N-ethyl-pyrrolidinum bromide,
can be added to control the bromide.54-55 These complexing agents mix with the bromide
ions, during charging, to create a thick oil that has a higher density than the electrolyte.
During discharge, the oil is allowed to mix with the rest of the electrolyte allowing the
bromide ions to react with zinc.
Like other electroplating RFBs, this system also has problems with dendrite
formation. Unlike previously discussed systems, the dendrites that form in the ZBB can
endanger the membrane separating the two electrolyte solutions. If the dendrite punctures
the membrane, it will lead to system failure, safety issues, and costly repairs.
The ZBB has already successfully been commercialized and is currently on the
market. In the 1980s, Exxon licensed this technology to several companies including
Meidisha and Johnson Controls, JIC, who, in 1994 sold it to ZBB Energy Corporation.
There have been multiple, successful megawatt and kilowatt scale demonstrations
worldwide over a range of applications including: load leveling, power quality control,
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and coupling with renewable energy sources.13, 18 Some of the major ZBB installations
are summarized below in Table 3. 13, 18, 27

Table 3: Summary of major ZBB installations. 13, 18, 27
Company

Customer

Specifications

Application

Installation
Date

ZBB Energy

Detroit Edsion, USA

400 kWh

Load Leveling

2001

200 kWh

Network Storage
Demonstration

2001

400 kWh

Load Leveling

2001

ZBB Energy
ZBB Energy

United Energy, Melbourne,
Australia
Nanawading Electrical Distribution
Substation in Box Hill, Australia

ZBB Energy

Pacific Gas and Electric Co., USA

2 MWh

Peak Power
Capacity

2005

Kyushu Electric Power &
Meidensha

Imajuku Substation in Kyushu
Electric Power, Japan

1 MW/ 4 MWh

Electric Utility

1990

ZBB Energy

Australian Inland Energy, Australia

500 kWh

ZBB Energy

Power Light, USA

2 x 50 kWh

ZBB Energy

CSIRO Research Center, Australia

500 kWh

Redflow

University of Queensland,
Australia

12 x 120 kWh

Department of Energy,
USA

Albuquerque, New Mexico, USA

2.8 MWh

ZBB Energy

Dundalk Institute of Technology,
125 kW/ 500 kWh
Ireland

Solar Energy
Storage
Solar Energy
Storage
Solar Energy
Storage
Solar Energy
Storage
Solar Energy
Storage
Wind Energy
Storage

2002
2003
2009
2011
2011
2008

Zinc-Cerium Flow Battery

The ZnCe RFB was first patented by Plurion Inc. in 2004.86 This system uses a
single electrolyte solution which allows this system to operate without a membrane to
separate the half cells. This system employs the Zn2+/Zn (Eᵒ = -0.76 V vs. SHE) and
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Ce3+/Ce4+ (Eᵒ = 1.67 V vs. SHE) redox couples. This system uses a single electrolyte
solution, supported by methanesulfonic acid, allowing the ZnCE RFB to operate without
a membrane to separate the half cells. Carbon felt is used for both the positive and
negative electrodes. While charging the system, the reaction at the positive electrode is
an oxidation as follows:
2 Ce3+ → 2 Ce4+ + 2 e-

(16)

The reaction at the negative electrode is a reduction as follows:
Zn2+ + 2 e- → Zn

(17)

Leading to the overall reaction while charging to be:
Zn2+ + Ce3+ → 2 Ce4+ + Zn

(18)

Discharge of this system would result in the reverse of the above reactions. While
charging, the Zinc is electroplated onto the negative electrode. During discharge, the
solid zinc on the electrode is oxidized back into Zn2+. The overall standard potential for
this system is 2.43 V. This is the highest potential for any of the RFBs, which is why this
RFB is so attractive.87
Dendrite formation is an issue for this RFB, as in any electroplating system.
Multiple studies have reported that methanesulfonic acid reduces dendrite growth in zinc
plating as well as increases the cerium solubility, which makes it an ideal choice for the
supporting electrolyte.88-89
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In 2007, Plurion Inc. installed its first testing facility in Glenrothes, Scotland.
This is a 2 kW- 1 MW facility that has achieved a 63% cycle round trip DC energy
efficiency.18 This system has shown promise but to be fully commercialized, there needs
to be more research done on the electrodes and a reduction of cost.

Vanadium Oxidation States

Vanadium was first discovered in 1801 by Andrés Manuel del Río, who named it
erythronium, after the red color of one of its compounds. During this time, this discovery
was discredited, since the new element was thought to be another chromium compound.
The element was rediscovered by Nils Gabriel Sefström, who named it vanadium, after
the Scandinavian goddess of beauty, Vanadis, because of the beautiful colors of its
aqueous oxidation states, in 1830.90
Vanadium has a total of six oxidation states, with the most common being the
four adjacent oxidation states, VO2+, VO2+, V3+, V2+. These adjacent oxidation states all
have a distinct color associated with each, VO2+ is yellow, VO2+ is blue, V3+ is green, and
V2+ is purple, which can be seen below in Figure 2.
The Pourbaix diagram for vanadium in water, shown below in Figure 3, shows the redox
potentials between various vanadium species in different oxidation states.91 As the pH
increases, the oxyanion species become more prevalent. Strong oxidizing agents and
oxidizing conditions are found only at the top of Pourbaix diagrams, while reducing
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Figure 2: Vanadium oxidation states. From left to right; VO2+, VO2+, V3+, V2+.

Figure 3: Pourbaix diagram for vanadium in water at 298.15 K.91
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agents and reducing conditions are found only at the bottom of a diagram.
Using the standard reduction potentials, the reduction from VO2+ to V2+ can
described as follows:
VO2+ + 2 H+ + e- → VO2+ + H2O

Eo= 1.0 V

(19)

VO2+ + 2 H+ + e- → V3+ + H2O

Eo= 0.34 V

(20)

V3+ + e- → V2+

Eo= -0.26 V

(21)

These vanadium oxidation sates are subject to certain electrochemical phenomena
that are not completely understood. To study vanadium’s interesting electrochemistry,
electrochemical analyses must be used.
This thesis investigates the vanadium oxidation states in order to better
understand the phenomena happening at the electrode surface of the VRFB. With better
understanding of these phenomena, it is possible to make improvements on the electrode
materials for the VRFB system. These improvements would lead to a more efficient
VRFB and could possibly lower the cost of the system making it more accessible.

Electrochemical Analysis

Electrochemical analysis methods study the electrochemical phenomena
occurring within a medium or at the electrode surface related to changes in the structure,
chemical composition, or concentration of the compound being analyzed. There were
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two different types of electrochemical analysis employed throughout this thesis, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The following
sections discuss the theory of these electrochemical techniques.

Cyclic Voltammetry

Voltammetry studies the relationship between current and voltage for
electrochemical processes at the electrode surface. Classically in voltammetry, the
potential of the working electrode is swept linearly from the starting point to the end
point. In cyclic voltammetry (CV), the potential of a working electrode is swept back
and forth between two designated values. This technique is thought to be one of the most
effective and versatile electroanalytical techniques.92 CV is performed by cycling the
potential of the working electrode and measuring the resulting diffusion controlled
current. The current that flows between the working electrode and a counter electrode is
plotted vs. potential to give a cyclic voltammogram. An example of a typical cyclic
voltammogram is shown below in Figure 4.
In Figure 4, the reduction process occurs from point a, the initial potential, to
point d, the switching potential. In this region the potential is scanned negatively to
cause a reduction. The resulting current is called cathodic current, ipc. The
corresponding peak potential occurs at point d, and is called the cathodic peak potential,
Epc. The Epc is reached when all of the analyte at the electrode surface has been reduced.
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After the switching potential has been reached, the potential scans positively from point d
to point g. This results in anodic current, ipa, and oxidation to occur. The peak potential
at point j is called the anodic peak potential, Epa, and is reached when all of the analyte at
the electrode surface has been oxidized.93
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Figure 4: Example of a typical cyclic voltammogram. Cyclic voltammogram for
6.4 mM K3Fe(CN)6 in 1.0 M KNO3 using a platinum working electrode sweep
from -300 mV to 400 mVat 50 mV s-1. The forward scan is from a-f, while the reverse
scan is from g-k.

The formal electrode potential, Eᵒ’, can be calculated by:
𝐸°′ =

𝐸𝑝𝑎 +𝐸𝑝𝑐
2

(22)
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The difference of the peak potential for a reversible system:
∆𝐸𝑝 = |𝐸𝑝𝑎 − 𝐸𝑝𝑐 | =

0.0592
𝑛

(23)

Where n is the number of electrons involved in the reaction. If the system is irreversible,
by having slow electron transfer kinetic, the difference of the peak potential would be
larger than the calculated theoretical value from equation 23.
The peak currents can be calculated using the Randles-Sevcik equation:
𝑖𝑝 = (2.686 𝑥 105 )𝑛3/2 𝐴𝑐𝐷1/2 𝑣 1/2

(24)

Where ip is the peak current (A), A is the surface area of the electrode (cm2), c is the
concentration (mol cm-3), D is the diffusion coefficient (cm2 s-1), and v is the scan rate
(V s-1). For a reversible reaction, the anodic and cathoic peak currents should equal the
absolute value of the other, approximately. Also, the ipc is proportional to the
concentration of the analyte and the square root of the scan rate.
CV can be enhanced by utilizing rotating disc electrodes (RDE). The addition of
convection to the cell usually results in increased current and sensitivity in comparison to
the measurements performed in stagnant solution. Also, the introduction of convection
helps to remove the small random contributions from natural convection which can
complicate measurements performed in stagnant solution.94 It is also possible to vary the
rate of reaction at the electrode surface by altering the convection rate in the solution.
Generally, RDE CV is used to deduce mechanisms and the kinetics by studying the
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changes of the Levich current based on the angular rotation speed.92 An example of a
typical RDE cyclic voltammogram is shown below in Figure 5.
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Figure 5: Example of a typical RDE cyclic voltammogram. RDE Cyclic voltammogram
for 6.4 mM K3Fe(CN)6 in 1.0 M KNO3 using a platinum working electrode sweep
from -300 mV to 400 mV at 50 mV s-1and 3000 rpm.

The rotation of the disc electrode causes a laminar flow of the bulk analyte
solution. The laminar flow of can be described as the liquid being pulled vertically up
towards the electrode surface then horizontally out and away of the center of the
electrode. While the bulk of the solution is being stirred vigorously by the rotating
electrode, there is a thin layer of solution, called the stagnant layer, which stays at the
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surface of the electrode. This layers thickness depends on the angular rotation speed. The
faster the electrode is rotated the thinner this stagnant layer becomes. This laminar flow
can be seen in Figure 6 shown below.95

Figure 6: Laminar flow profile of a rotating disc electrode from the side.95

The current at the RDE surface can be predicted using the Levich equation:
𝑖𝑙 = (0.620)𝑛𝐹𝐴𝐷𝜔1/2 𝑣 −1/6 𝑐

(25)

Where il is the Levich current (A) or sigmoidal height of the voltammogram, F is
Faraday’s constant, ω is the angular velocity of the RDE (rad s-1), v is the kinematic
velocity (cm2 s-1). The Levich current is proportional to the concentration and the square
root of the angular velocity.
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Electrochemical Impedance Spectroscopy

By definition, impedance is the frequency dependent opposition of an electrical
circuit to current while voltage is applied.96-97 Electrochemical impedance spectroscopy
(EIS) helps investigate the electrochemical reactions that take place at the electrode
surface for a given system by modeling the phenomena in an equivalent electric circuit.
To take an EIS measurement, an AC signal is applied over a range of frequencies to the
system using a frequency response analyzer (FRA). The voltage and current response of
the system is then analyzed by the FRA to determine the impedance of the system over a
range of frequencies. The physicochemical processes that occur, including electron
exchange and ion transport, have different characteristics and associated time-constants,
therefore occur at different frequencies; which allows the impedance of the various
phenomena at the electrode surface to be studied.92
Nyquist and Bode plots are often employed to present the EIS measurement data.
The Bode plot is a representation of the impedance magnitude or phase angle as a
function of frequency. The Bode plot shows if the impedance is dependent on the
frequency. An example of the two kinds of Bode plots are shown below in Figure 7. The
Nyquist plot shows the imaginary impedance, Z”j, vs. the real impedance, Z’r, of the cell.
The Nyquist shows the activation-controlled processes with distinct time-constants as
semicircles, which provides insight into possible mechanism or governing phenomena.
An example of a Nyquist plot is shown below in Figure 8.
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Figure 7: Example of the two types of Bode plots. a. shows the magnitude of the
impedances vs. frequency. b. shows theta, or phase shift, vs frequency. Impedance
measurements of 0.1 M VO2+ electrolyte solution using a glassy carbon RDE as the
working electrode at a 0.3 V bias potential vs. reference at 1500 rpm.
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Figure 8: Example of a Nyquist plot. Impedance measurements of 0.1 M VO2+ electrolyte
solution using a glassy carbon RDE as the working electrode at a 0.3 V bias potential vs.
reference at 1500 rpm.

Equivalent circuit modeling of EIS data can be used to study the electrochemical
phenomena by modeling the impedance data in terms of an electrical circuit composed of
ideal components, such as, resistors (R) and capacitors (C). Since research is rarely ideal,
it is necessary to use specialized circuit elements, such as, inductors (L), constant phase
elements (CPE), and the Warburg impedance element (ZW), which is used to represent
the diffusion or mass transport impedances of the system. An example of an equivalent
circuit, shown below in Figure 9, is the ideal Randles circuit. Each component of this
circuit can be assigned to a process happening during an electrochemical reaction.98 The
polarization resistance (Rp) comes from the electron transfer process overcoming its
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activation barrier and solution resistance (Rs). The double layer capacitance (Cdl) comes
from the charge building up at the electrode surface, while mass transport of the reactants
produces the Warburg impedance (Zw).

C dl

Rs

W
Rp

Zw

Figure 9: Randles Circuit. Rs is the solution resistance, Rp is the polarization resistance,
Cdl is the double layer capacitance, and Zw is the Warburg impedance.

The impedance response can be described as having two parts:
𝑍 = 𝑍′𝑟 + 𝑗𝑍′′𝑗

(26)

Where Z’r is the real impedance, Z”j is the imaginary impedance, and j is (-1)1/2.
Using Randles circuit, shown in Figure 6 above, for an example equivalent circuit
to an electrode interface, equation 26 can be expanded to be:

𝑍 = 𝑅𝑠 +

1

𝑅𝑝 + 𝜎𝜔 −1/2

𝜎𝜔 2 (𝐶𝑑𝑙 +1)2 +𝜔2 𝐶𝑑𝑙 2 (𝑅𝑝 +𝜎𝜔 1/2 )2

1

1

−
𝜔𝐶𝑑𝑙 (𝑅𝑝 +𝜎𝜔 1/2 )2 +𝜎𝜔 2 (𝐶𝑑𝑙 𝜎𝜔 2 +1)

+ 𝑗 (𝐶

𝑑𝑙 𝜎𝜔

1/2 +1)2 +𝜔2 𝐶 2 (𝑅 +𝜎𝜔 1/2 )2
𝑝
𝑑𝑙

(27)
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Where Rs is the solution resistance, Rp is the polarization resistance, Cdl is the double
layer capacitance, ω is equal to 2πf, where f is the frequency, and σ is the Warburg
coefficient given by:
𝑅𝑇

1

𝜎 = (𝑛2 𝐹2 𝐴√2) (𝐶 ∗𝑜

1

√𝐷𝑜

+ 𝐶 ∗𝑅

√𝐷𝑅

)

(28)

Where R is the gas constant, T is temperature, n is the electrons involved, F is Faraday’s
constant, A is the surface area of the electrode, C is the concentration at the surface and D
is the diffusion coefficient. Equation 27 can be simplified to:
𝜔 2 𝑅𝑝 2 𝐶𝑑𝑙

𝑅𝑝

𝑍 = 𝑅𝑠 + 1+𝜔2 𝑅

𝑝

2𝐶
𝑑𝑙

2 −𝑗
1+𝜔2 𝑅

𝑝

2𝐶 2
𝑑𝑙

(29)

Where it can be simplified even further by assuming at high frequencies ω goes to ∞,
while at low frequencies ω goes to zero:
𝑍 = 𝑅𝑠 + 𝑅𝑝 + 𝜎𝜔 −1/2 − 𝑗(𝜎𝑤 −1/2 + 2𝜎 2 𝐶𝑑𝑙 )

(30)

In this equation all that is left are the components of Randles circuit, because the
Warburg impedance is given by the Warburg coefficient. Here it is easy to see which
components contribute to the real and imaginary impedances for this example.

CHAPTER II
MATERIALS AND METHODS

Introduction

This chapter describes the general methods, used throughout this thesis, of the
preparation, data collection, and analysis of the multiple oxidation states of vanadium.
Unless otherwise noted, all methodologies represented in this chapter are the preliminary
procedures followed by the changes leading to the final optimized procedures.

Materials and Chemicals

All materials were used as they were received. Compressed nitrogen was
obtained from Airgas (Aurora, IL). Certified ACS grade sulfuric acid was purchased
from Fisher Scientific Company (Fair Lawn, New Jersey). Vanadium(V) oxide was
obtained from Aldrich Chemical Company, Inc (Milwaukee, WI). Distilled water,
prepared using a Corning Mega-Pure™ MP-3A water distilling station, was used for the
preparation of all sulfuric acid solutions. Nafion® 117 was obtained from Aldrich
Chemical Company, Inc (Milwaukee, WI). Tygon® R-3603 tubing was obtained from
Fisher Scientific Company
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(Pittsburgh, Pennsylvania). Polycarbonate sheets were obtained from Northern Illinois
University shop services. ElectroPhen® purchased from Bac2 Limited (Romsey, UK).
Carbon felt purchased from Alfa Aesar (Ward Hill, Massachusetts).

Vanadium Electrolyte Preparation

The VO2+ electrolyte stock solution was prepared, in house, by reacting
vanadium(V) oxide with concentrated sulfuric acid. Vanadium(V) oxide has relatively
low solubility in water, but when reacted with sulfuric acid, it can form the desired
starting material, vanadium(V) sulfate, for the VO2+ electrolyte solution.99 Originally,
272.8 g of vanadium(V) oxide was placed in 168 mL of concentrated sulfuric acid, with
intent to make 500 mL of a 6 M VO2+ electrolyte solution in 6 M sulfuric acid.
Concentrated sulfuric acid was used instead of the 6 M sulfuric acid because this would
increase the rate of the reaction by increasing the likelihood of acid and vanadium atom
collisions within the solution. The next day, the vanadium(V) oxide, which started as a
reddish orange powder, was still clumped at the bottom of a pale yellow concentrated
sulfuric acid solution. More concentrated sulfuric acid was added with intent to make 1 L
of a 3 M VO2+ electrolyte solution in 6 M sulfuric acid. Then, three day later, the clumps
of vanadium(V) oxide were still present in the, now darker, yellow concentrated sulfuric
acid solution. The amount of the concentrated sulfuric acid was then doubled, with intent
to make 2 L of a 1.5 M VO2+ electrolyte solution in 6 M sulfuric acid. After three more
additional days, there were still traces of the vanadium(V) oxide present. At this point,
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the solution was a dark orange in color and the clumps of vanadium(V) oxide had
significantly reduced in size, but were still present. The solution was left for an
additional day in hopes the vanadium(V) oxide would be completely reacted. After that
time, more concentrated sulfuric acid was added in hopes to make 3 L of 1 M VO2+
solution in 6 M sulfuric acid. After 3 days, the solid vanadium(V) oxide had finally
disappeared, leaving an extremely dark orange, almost black solution. Distilled water
was then added to achieve the 6 M sulfuric acid concentration, which resulted in a very
dark orange solution. Since it was planned to characterize the vanadium oxidation states
using ultraviolet visible spectroscopy (UV-VIS), the concentration needed to be
decreased so that the absorption of the vanadium oxidation states would not be too high.
Also, the VO2+ oxidation state is characterized as being yellow, not dark orange, so the 1
M VO2+ solution in 6 M sulfuric acid was treated as a stock solution as to not create
meaningless waste and to save space while waiting to be of use.
The different oxidation states of vanadium were generated via electrolysis
performed using an EG&G Princeton Applied Research Potentiostat/Galvanostat Model
273A. The 1 M VO2+ stock was diluted with 6 M sulfuric acid to 0.1 M VO2+ before
125 mL of the electrolyte solution was transferred into either side of a manufactured Hcell. The electrodes used for the electrolysis were platinum plate electrodes (surface area1.45 cm2). The electrolytes were generated by passing a 10 mA current through a
manufactured H-cell containing the 0.1 M VO2+ solution on either side, for an extended
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period of time based on the desired oxidation state. The reaction at the anode from this
process would be as follows.
VO2+ + 2 H+ + e-  VO2+ + H2O

(31)

If the electrolysis were 100 % efficient, the amount of time to convert to the
desired oxidation state can be calculated. Since there was 125 mL of the 0.1 M VO2+
electrolyte solution in the H- cell, 12.5 mmol of electrons were needed to convert to the
next adjacent oxidation state. Therefore, using Faraday’s constant, 1206 C were needed
for the conversion. Since there was 10 mA passing through the system, the electrolysis,
from VO2+ to VO2+, would theoretically take 33.5 hours to occur if the process was 100
% efficient. Since this electrolysis is not 100 % efficient, the conversion takes additional
time depending on the efficiency of the process. Since each oxidation state has a distinct
color associated with it, the exact amount of time spent on electrolysis depended on a
visual endpoint for each oxidation state.
The electrolysis was optimized by adding a sparge line of nitrogen gas to
eliminate excess oxygen in the vanadium electrolyte solution. With the excess oxygen
eliminated, the efficiency of the electrolysis increases, since the reduced vanadium was
not exposed to oxygen, which would oxidize the solution. The electrolysis was further
optimized by replacing the electrodes with graphite rod electrodes scavenged from
generic Heavy Duty D cell batteries since hydrogen evolution is less prevalent with this
type of electrode than the platinum electrode. The graphite electrode placed on the
positive (oxidation) side of the manufactured H-cell however, could not withstand the
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acidity of the solution, therefore the electrode set up was a platinum plate electrode in the
positive (oxidation) side of the manufactured H-cell and a graphite rod electrode (surface
area- 11.31 cm2) on the negative (reduction) side.

Precipitate Analysis

The precipitate that formed while optimizing the oxidation state electrolysis was
collected and dried in an 110ᵒ C oven for one week before it was rinsed with distilled
water and returned to the oven to dry completely. The solid was rinsed to remove any
sulfuric acid that may be causing the precipitate to still be tacky. Once the solid was
completely dry, it was then analyzed using energy-dispersive X-ray spectroscopy (EDX)
and X-ray diffraction (XRD) run by Heather Barkholtz at Northern Illinois University.

Energy-Dispersive X-Ray Spectroscopy

The dried solid did not need any further sample prep before being analyzed by
EDX using the Hitachi S-4700-II field-emission scanning electron microscope (SEM).
Once a clear image of the unknown solid was obtained a section of solid was selected,
this section was tested for oxygen, nitrogen, sulfur and vanadium since the precipitate
formed while only in the presence of these elements.
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X-Ray Diffraction

To prepare the solid unknown for XRD, the sample was put into an argon glove
box since the sample seemed to be hydroscopic. In the glove box the sample was mixed
with carbon grease then mounted on the silicon plate. The unknown sample was then
analyzed by a Miniflex X-ray diffactometer. Cu Kb, operating at 30 kV and 15 mA, was
used as the radiation source. The scan rate was 4.0 degrees per min, scanning from 10 to
120 degrees.

Flow Cell Construction

The flow cell was composed of a symmetric set up of 45 mm x 45 mm x 9 mm
polycarbonate end plates, 26 mm x 26 mm copper current collectors with a 6 mm x 24
mm copper extension, 26 mm x 26 mm x 3 mm ElectroPhen® plates, 26 mm x 26 mm
rubber spacer with a 9 mm x 6 mm hole in the center, 26 mm x 26 mm x 5 mm
polycarbonate flow chamber piece with a 9 mm x 6 mm x 5 mm chamber in the center
with 4 drilled holes on the 5 mm plane to allow flow, then in the middle the 26 mm x 26
mm Nafion® 117 membrane, which can be seen in Figure 10. The cell was held together
via screws which prevented the cell from leaking. The flow cell was fitted with Tygon®
R-3603 tubing, with one side connected to the H-cell filled with the vanadium electrolyte
solution, the other side connected to a syringe to draw up the electrolyte solutions into the
flow chamber.
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Figure 10: Flow cell construction. The construction consisted of: a. 45 mm x 45 mm x 9
mm polycarbonate end plates. b. 26 mm x 26 mm copper current collectors with a 6 mm
x 24 mm copper extension. c. 26 mm x 26 mm x 3 mm ElectroPhen® plates. d. 26 mm x
26 mm rubber spacer with a 9 mm x 6 mm hole in the center. e. 26 mm x 26 mm x 5 mm
polycarbonate flow chamber with a 9 mm x 6 mm x 5 mm chamber in the center with 4
drilled holes on the 5 mm plane to allow flow. f. 26 mm x 26 mm Nafion® 117
membrane.
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A second flow cell was constructed of the same symmetric set up of the above
flow cell. The only difference in this flow cell was that both polycarbonate flow
chambers were fitted with carbon felt inside, which can be seen in Figure 11.

Figure 11: Modified flow cell construction. The construction consisted of: a. 45 mm x
45 mm x 9 mm polycarbonate end plates. b. 26 mm x 26 mm copper current collectors
with a 6 mm x 24 mm copper extension. c. 26 mm x 26 mm x 3 mm ElectroPhen® plates.
d. 26 mm x 26 mm rubber spacer with a 9 mm x 6 mm hole in the center. e. 9 mm x 6
mm x 5mm carbon felt. f. 26 mm x 26 mm x 5 mm polycarbonate flow chamber with a 9
mm x 6 mm x 5 mm chamber in the center with 4 drilled holes on the 5 mm plane to
allow flow. g. 26 mm x 26 mm Nafion® 117 membrane.
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Instrumentation

The vanadium oxidation states were characterized and compared using
electrochemical methods. Each electrochemical method was performed using both a
platinum and glassy carbon rotated disc electrodes. The vanadium oxidation states were
also characterized using ultraviolet visible spectroscopy.

Ultraviolet Visible Spectroscopy

Each vanadium oxidation state was characterized using ultraviolet visible
spectroscopy (UV-VIS). The UV-VIS was performed on a Hitachi High-Technologies
Corporation U-2000 Double-Beam UV-VIS Spectrophotometer. Quartz cells were used
for both the reference and analytical beam all having a 1 cm path length. The reference
solution used for all of the vanadium oxidation state determinations was 6 M sulfuric
acid. The absorbance of each vanadium oxidation state solution was recorded from
400 nm to 900 nm, from longest wavelength to shortest wavelength. The wavelength
with the highest absorbance was then chosen to continue absorbance measurements at
various vanadium concentrations.
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Cyclic Voltammetry

The vanadium oxidation states were characterized using rotated disc electrode
(RDE) cyclic voltammetry (CV) in a three-electrode cell. The CV was performed on a
Pine Research Instruments WaveNow USB Potentiostat/Galvanostat controlled with
AfterMath Scientific Data Organizer Software. The working electrode is rotated with a
AFMSRX Analytical Rotator controlled using a MSRX Speed Control. The counter
electrode was a double platinum plate electrode, normally used for conductivity. This
electrode has two active parallel platinum plates. The reference electrode was a Fischer
Scientific Accumet glass body saturated calomel electrode (SCE) model number
13-620-52. Then, depending on the set up, the working electrode was either a platinum
rotated disc electrode or a glassy carbon rotated disc electrode. The potential range and
angular rotation rate varied depending on the oxidation state and the set up and will be
discussed in their respected chapters. The CV procedure was optimized with a 25 mV/s
scan rate. Then a sparge line of nitrogen gas was added to the CV setup to eliminate
excess oxygen in the vanadium electrolyte solution.

Electrochemical Impedance Spectroscopy

Each vanadium oxidation state was characterized using electrochemical
impedance spectroscopy (EIS) performed on a Solartron Schlumberger 1286
Electrochemical Interface in conjunction with a Solartron Schlumberger 1255 HF
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Frequency Response Analyzer controlled with ZView® software from Scribner
Associates. The working electrode is rotated with an AFMSRX Analytical Rotator
controlled using a MSRX Speed Control. The counter electrode was a double platinum
plate electrode, normally used for conductivity. The reference electrode was a Fischer
Scientific Accumet glass body saturated calomel electrode (SCE) model number
13-620-52. Then, depending on the set up, the working electrode was either a platinum
rotated disc electrode or a glassy carbon rotated disc electrode. The frequency was swept
between 0.1 and 1 x 105 Hz. The impedance was measured for bias potentials between 0.25 to 2.0 V vs. reference. The EIS procedure was optimized by adding a sparge line of
nitrogen gas to eliminate excess oxygen in the vanadium electrolyte solution. Equivalent
circuits are then calculated from the impedance data using the ZView® software.

CHAPTER 3
VANADIUM (V)

Vanadium(V) is also called the pervanadyl ion or dioxovanadium(V) cation. This
species is the most oxidized form of vanadium, +5, and is yellow in color, refer to
Figure 2. VO2+ served as my starting electrolyte solution therefore this oxidation state
was the first to be analyzed for each method used.
Since this oxidation state was used first, the majority of the methods optimization
were based upon the results of this oxidation state. One problem that kept occurring early
on was a precipitate forming during the electrolysis of the other oxidation states. To find
out what was precipitating from the electrolyte solution, energy-dispersive X-ray
spectroscopy (EDX) and X-ray diffraction (XRD) was run on the solid sample.

Energy-Dispersive X-Ray Spectroscopy

EDX was run on the sample using the SEM as an X-ray source. The section of
the sample used for this analysis is shown below in Figure 12. This section selected was
tested for nitrogen, oxygen, sulfur, and vanadium since those were the only elements
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Figure 12: SEM image describing the section of solid that the EDX was run on.

Figure 13: EDX spectrum collected from the section of the unknown precipitate
described by Figure 12.
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present in the precipitate formation. The spectrum obtained is shown above in Figure 13.
The multiple oxidation states of vanadium were not surprising since this sample was
collected during the electrolysis of VO2+ to V3+. The atomic percentage of oxygen was
73.14, the atomic percentage of sulfur was 18.60, and the atomic percentage of vanadium
was 8.26. The percentage results can be seen above in Table 4. It was not particularly
surprising that nitrogen was not present since it is used to sparge the electrolyte solution,
because it is relatively inert. The sulfur in the sample may be from the sulfuric acid,
which would explain why the sample is so hydroscopic, or from the sulfate counter ion in
VOSO4. Further analysis would be required to confirm this conclusion.

Table 4: Results from EDX.
Element

Weight %

Atomic %

Oxygen

53.50

73.14

Sulfur

27.27

18.60

Vanadium

19.23

8.26

X-Ray Diffraction

The XRD analysis was used to investigate the crystal structure of the unknown
precipitate. The sample was rinsed and filtered to ensure only the precipitate would be
analyzed. It was known that the unknown precipitate was composed of oxygen, sulfur,
and vanadium from the previous EDX analysis. Since it is likely that the sulfur contained
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in the unknown precipitate is from the sulfuric acid it should not show up in the XRD
since it would not be in the crystal structure of a vanadium oxide compound. The XRD
spectrum obtained can be seen below in Figure 14. The strong diffraction peaks at
2θ= 38.41ᵒ, 44.58ᵒ, 64.94ᵒ, 78.06ᵒ, 82.28ᵒ, 98.93ᵒ, 112.25ᵒ, and 116.44ᵒ can be indexed to
the (111), (200), (220), (311), (222), (400), (331), and (420) crystal planes of VO,
respectively. The best fit was found to be VO0.9, therefore vanadium(II) oxide was
formed during the electrolysis.
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Figure 14: XRD spectrum from unknown precipitate.
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Ultraviolet Visible Spectroscopy

The ultraviolet visible spectroscopy (UV-VIS) was done over a range of
wavelengths from the longest to the shortest wavelength, 900 nm to 400 nm. The
absorbance spectrum for 0.033M VO2+ vs. 6 M sulfuric acid reference can be seen below
in Figure 15. The peak wavelength from this spectrum was found to be 419 nm. The
standardization curve for VO2+ vs. 6 M sulfuric acid reference collected at 419 nm,
shown below in Figure 16, follows Beer-Lambert law:
𝐴 = 𝜀𝑏𝑐

(32)

Where A is the absorbance, ε is the molar extinction coefficient, which is a measurement
of how strongly a certain species absorbs light at a particular wavelength, (L mol-1 cm-1),
b is the path length of the cell (cm), and c is the concentration (M). The equation of the
standardization curve was found to be:
𝐴 =10.8c

(33)

With an R2 value of 0.999, this value correlates to the error of the fit to the collected data.
The slope of this curve was found to be 10.8 Lmol-1, which directly correlates with the
molar extinction coefficient times the path length. Since the path length of the cell was
1 cm, the molar extinction coefficient can be calculated to be 10.8 L mol-1 cm-1. The
slight curve to this line is a deviation from Beer-Lambert law. Deviations at higher
concentrations can be attributed to a change in the charge distribution of the counter ion
of the electrolyte solution or a change in the refractive index of the solution.100
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Figure 15: Absorbance spectrum for 0.033M VO2+ vs. 6 M sulfuric acid reference.
The spectrum was scanned from 900 nm to 400 nm. The peak wavelength was 419 nm.
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Figure 16: Standardization curve for VO2+ vs. 6 M sulfuric acid reference collected at
419 nm. The equation for the curve was found to be A=10.8c with a R2 value of 0.999.
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Cyclic Voltammetry

RDE CV was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. The platinum
RDE readily reacts with hydrogen, causing the adsorption of hydrogen onto the platinum
surface, so the cathodic (negative) potential range is limited. The glassy carbon RDE
should not react with hydrogen so the signal at cathodic potentials can be seen. By using
RDEs the mass transport to the electrode surface can be controlled and gas bubbles are
prevented from attaching to the surface of the electrode. The following sections discuss
the RDE CV performed on both platinum and glassy carbon RDEs.

Platinum Rotated Disc Electrode

The RDE CV performed on the platinum RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 1.5 V rising to 2.85 V then
sweeping to -0.4 V for a total of 10 segments at a scan rate of 25 mV s-1. The working
electrode was rotated 3000 rpm during the scan and nitrogen was sparged through the
solution. The RDE cyclic voltammogram for 0.1 M VO2+ in 6 M H2SO4 for the above
mentioned conditions is shown below in Figure 17.
In Figure 17, the RDE cyclic voltammogram obtained was not what was expected.
The expected curve would have a multiple step sigmoidal curve with the forward and
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Figure 17: RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a platinum
RDE working electrode swept from -0.4 V to 2.85 V at 25 mV s-1and 3000 rpm.

reverse scan retracing the preceding sweep. The hysteresis found in these
voltammograms sparked interest. Hysteresis is characterized by the output of a system
not being a direct response of the input into the system, meaning that there may be a
delay or a dependence of the previous output on the output in question. The large
hysteresis loop starting at 1.6 V is likely caused by oxygen evolution, as shown below:
3 H2O  O2 + 4 H3O+ + 4 e-

(34)
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Oxygen evolution occurs since the water is not stable at this high of voltage. This could
have slightly shifted the pH of the solution, which would have an effect on the reduction
potentials, as is seen in the Pourbaix diagram from Figure 3, but is not the cause of the
hysteresis at other potentials since oxygen does not adsorb onto the platinum RDE
surface. To get a better view of what is occurring in Figure 17, a close-up of the RDE
cyclic voltammogram for 0.1 M VO2+ in 6 M H2SO4 is shown in Figure 18, where it is
easier to see the detail of the hysteresis.

0.008
0.006

Current (A)

0.004
0.002
0.000
-0.002
-0.004
-0.006
-0.008
0.0

0.5

1.0

1.5

2.0

Potential (V)
Figure 18: Close-up of the RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4
using a platinum RDE working electrode swept from -0.4 V to 2.85 V at 25 mV s-1and
3000 rpm.
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The large hysteresis loop, previously mentioned, actually begins at 1.2 V. Since
this is still within the region of stability for water, the hysteresis cannot be attributed to
oxygen evolution. The redox reaction of VO2+ and VO2+ occurs at this potential, so this
could mean that the hysteresis from 1.2 to approximately 1.5 is from the oxidation
reaction of VO2+ from VO2+. The hysteresis related from both the redox reaction of VO2+
and VO2+ and the possible evolution of oxygen overlap, making it hard to tell where the
first ends, if it ends at all, and the second begins.
The hysteresis over 0.4 V to 0.8 V is likely caused by the reduction reaction of
VO2+ to VO2+. The hysteresis from -0.15 V to approximately 0.1 V can be attributed to
hydrogen, formed during hydrogen evolution, described in equation 35, occurring at the
negative potentials, interacting with the surface of the platinum electrode.
2 H3O+ + 2 e-  H2 + H2O

(35)

The desorption of hydrogen, adsorbed during hydrogen evolution, to the surface of the
platinum RDE is the likely cause of the hysteresis from -0.15 V to approximately 0.1 V.
In between the hysteresis from -0.15 to 0.1 V and the hysteresis from 0.4 to 0.8 V
is rather interesting section. This section consists of two points where of the cathodic and
anodic sweeps cross over each other at approximately 0.1 V and 0.4 V that cause another
hysteresis at this location. This leads to the question of what causes this cross over.
To better understand these three areas of hysteresis occurring from -0.15 V to
0.8 V, a different range of potentials were chosen to see if the crossover of the cathodic
and anodic sweeps still occur in between 0.1 V and 0.4 V. Figure 19 shows the RDE
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Figure 19: RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a platinum
RDE working electrode swept from -0.25 V to 1.25 V at 25 mV s-1and 3000 rpm.

cyclic voltammogram from the RDE CV performed on the platinum RDE for 0.1 M VO2+
in 6 M H2SO4 over a range of bias potentials vs. the reference electrode (SCE), starting at
0.5 V rising to 1.25 V then sweeping to -0.25 V for a total of 10 segments at a scan rate
of 25 mV s-1 while rotating 3000 rpm.
The RDE cyclic voltammogram obtained from reduced range of potentials, as
shown in Figure 19, does not contain crossover of the cathodic and anodic sweeps like
the previous range of potentials did. In this RDE cyclic voltammogram there is still a
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very small separation in between the cathodic and anodic sweep at the potentials in
question.
The first hysteresis loop starting at -0.2 V and ending at approximately 0.05 V is,
again, likely to be induced from hydrogen evolution occurring at the more negative
potentials and the hydrogen interacting, via adsorption/desorption, with the surface of the
platinum RDE.
The next hysteresis loop, from Figure 19, staring at approximately 0.05 V and
finishing at 0.8 V is caused by the reduction reaction of VO2+ from VO2+. This reaction
is quasi-reversible, according to literature, showing the sluggishness of the electron
exchange for the reduction of VO2+ from VO2+. 38,40
It is also noticeable that the hysteresis attributed to the vanadium reactions grow
larger, with increasing current signal, with each subsequent scan. This is due to the
increase in concentration of the more reduced oxidation states coming from the reduction
of VO2+ occurring during the measurement. Confirmation of this reduction was seen as a
color change of the 0.1 M VO2+ in 6 M H2SO4, from a bright yellow to a greenish yellow,
which indicates that there were a mix of VO2+ and VO2+ in the electrolyte solution.
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Glassy Carbon Rotated Disc Electrode

The RDE CV run on the glassy carbon RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 1.1 V rising to 2.5 V then
sweeping to -1 V for a total of 10 segments at a scan rate of 25 mV s-1. The working
electrode was rotated 3000 rpm during the scan and nitrogen was sparged through the
solution. The RDE cyclic voltammogram for 0.1 M VO2+ in 6 M H2SO4 for these
conditions is shown below in Figure 20.
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Figure 20 : RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a glassy
carbon RDE working electrode swept from -1 V to 2.5 V at 25 mV s-1and 3000 rpm.
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In Figure 20, the RDE cyclic voltammogram has a multiple areas of hystereses.
The large hysteresis loop starting at 2.2 V is likely caused by reaching the potential limit
of the glassy carbon RDE. This hysteresis could also be attributed partly to oxygen
evolution, which is irreversible, since it would be out of the region of stability for water.
To get a better view of what is occurring in Figure 20, a close-up of the RDE cyclic
voltammogram for 0.1 M VO2+ in 6 M H2SO4 is shown in Figure 21, where it is easier to
see the detail of the areas of hystereses.
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Figure 21: Close-up of the RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4
using a glassy carbon RDE working electrode swept from -1 V to 2.5 V at 25 mV s-1and
3000 rpm.
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The hysteresis starting at -1 V to -0.75 V is caused by two factors, the first factor
being the evolution of hydrogen and the second factor being reduction of VO2+ to V3+.
The evolution of hydrogen causes the large dip at -1 and -0.75 V since hydrogen interacts
with the C-O functional groups formed on the surface of the glassy carbon RDE.
The hysteresis from -0.75 V to 1 V is caused by two factors, the first being the
redox reaction of V3+ and VO2+, the second factor being the redox reaction of VO2+ and
VO2+. The redox reaction of V3+ and V2+ is the cause of the crossover of the cathodic and
anodic sweeps at -0.75 V and the start of the hysteresis until approximately -0.4 V.
The redox reaction of VO2+ and V3+ is responsible for the next section of the
hysteresis from roughly -0.75 V to approximately -0.5 V. According to literature, the
most likely scenario is that the oxidation of V3+ to VO2+ occurs from -1 to -0.75 V and
causes the cathodic and anodic curves to cross over.42 This scenario would mean that the
oxidation of VO2+ to VO2+ would approximately be from 0.5 to 1.4 V. Evidence
supporting this scenario is the color change that appeared in the 0.1 M VO2+ in 6 M
H2SO4, from a bright yellow to a dull, greenish yellow, which indicates that reduced
species formed during the cathodic sweep were not fully oxidized during the returning
anodic sweep.
The last hysteresis starting at 1.0V to 1.85, as previously mentioned, can be
attributed to the redox reaction of VO2+ and VO2+ to VO2+. The increase in current signal
of the anodic curve from 1 to 1.45 V is likely caused by the oxidation of VO2+ to VO2+.
The decrease in current signal from 1.45 V leading to the potential limit of the glassy
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carbon RDE could be from oxygen, formed from the oxygen evolution, interacting with
the surface of the glassy carbon RDE and forming C-O functionalities.
To better understand the hysteresis occurring from -1 V to 2 V, a different range
of potentials was chosen to see if the crossover of the cathodic and anodic sweeps still
occurs at 1 V. Figure 22 shows the RDE cyclic voltammogram from the RDE CV
performed on the platinum RDE for 0.1 M VO2+ in 6 M H2SO4 over a range of bias
potentials vs. the reference electrode (SCE), starting at 0.5 V rising to 1.25 V then
sweeping to -0.25 V for a total of 10 segments at a scan rate of 25 mV s-1 while rotating
3000 rpm.
The RDE cyclic voltammogram obtained from reduced range of potentials, as
shown in Figure 22, does not contain crossover of the cathodic and anodic sweeps like
the previous range of potentials did, as shown in Figure 20 and 21. In this RDE cyclic
voltammogram there is still a very small separation, even overlap in a few locations of
the cathodic and anodic sweep for this reduced range of potentials.
There is only one location of hysteresis in the RDE cyclic voltammogram, as
shown in Figure 22, at the negative end of the potential range. This hysteresis is likely
caused by the redox reaction of V3+ and VO2+, since the kinetics of the reduction of V3+
from VO2+ is much faster with the glassy carbon RDE than it is with the platinum RDE.
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Figure 22: RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a glassy
carbon RDE working electrode swept from -0.25 V to 1.25 V at 25 mV s-1and 3000 rpm.

The potential range where the cathodic and anodic overlap is displaying that the
reaction that caused this current signal is quasi-reversible because of the shape of the
voltammogram obtained. The reaction causing this current signal is the redox reaction of
VO2+ and VO2+. This leads to the question of what would happen if the potential range
was extended further into the region where the redox reaction of VO2+ and VO2+. Would
the cathodic and anodic curves still cross over like they did in Figure 20 and 21 or would
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the increase in positive potential range produce a RDE cyclic voltammogram resembling
the one obtained in Figure 22?
To explore this question, a different range of potentials was chosen to see if the
crossover of the cathodic and anodic sweeps still occurs at 1 V. Figure 23, shown below,
shows the RDE cyclic voltammogram from the RDE CV performed on the platinum RDE
for 0.1 M VO2+ in 6 M H2SO4 over a range of bias potentials vs. the reference electrode
(SCE), starting at 0.5 V rising to 1.75 V then sweeping to -0.25 V for a total of 10
segments at a scan rate of 25 mV s-1 while rotating 3000 rpm.
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Figure 23: RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a glassy
carbon RDE working electrode swept from -0.25 V to 1.75 V at 25 mV s-1and 3000 rpm.
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The RDE cyclic voltammogram obtained from the positively extended range of
potentials, as shown in Figure 23, does indeed contain crossover of the cathodic and
anodic sweeps like the previous range of potentials did, as shown in Figure 20 and 21.
Therefore, the reaction that is happening from 1.25 to 1.75 V is affecting the current
signals at other potentials. One possible reason behind this would be if oxygen, formed
from the oxygen evolution, was adsorbing on the surface of the glassy carbon RDE and
forming C-O functionalities, in turn poisoning the electrode. This would cause a
decrease in the kinetics of the reactions happening at the surface of the electrode because
there would be a decrease in available surface area of the electrode. This would
especially slow down the kinetics of a reduction reaction since the supporting electrolyte
is a strong oxidizing agent.

Electrochemical Impedance Spectroscopy

EIS was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. Each electrode
can provide different insight of the electrochemical phenomena happening at the
electrode surface. The following sections discuss the EIS performed on both platinum
and glassy carbon RDEs.
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Glassy Carbon Rotated Disc Electrode

The EIS run on the glassy carbon RDE was done over a range of bias potentials
vs. the reference electrode, -0.25 – 1.75 V, from the lowest to the highest bias potential.
The working electrode was rotated at a rate of 1500 rpm. The impedance measurements
were collected from the highest frequency to the lowest frequency; these measurements
can be analyzed by fitting equivalent circuits to their corresponding Nyquist and Bode
plots. The Nyquist plot shows the imaginary impedance, Z”j, vs. the real impedance, Z’r,
while the Bode plots represent the magnitude of the impedance vs. log frequency and
theta, or phase-shift, vs. log frequency. The Nyquist plots for -0.25 to 1.75 V vs.
reference at 1500 rpm for the 0.1 M VO2+ electrolyte solution are shown below in Figure
24. The impedance measurements for the 0.1 M VO2+ electrolyte solution at a 1.55 V
bias potential vs. reference at 1500 rpm are shown below in Figure 25.
To further analyze the impedance measurements, an equivalent circuit is used to
represent the chemical system. When the equivalent circuit is fitted to the impedance
measurements, the value for each component of the circuit is obtained along with a
corresponding χ2 value. While the value of each component relates to the chemical
system, the χ2 value relates the overall fit of the model to the impedance measurement.
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Figure 24: Nyquist plots of 0.1 M VO2+ in 6 M H2SO4 for -0.25 to 1.75 V bias potential
vs. reference at 1500 rpm on the glassy carbon RDE.
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Figure 25: Impedance measurements of 0.1 M VO2+ in 6 M H2SO4 at a 1.55 V bias
potential vs. reference at 1500 rpm. a. Nyquist plot ( Z’r vs. Z”j). b. Bode plot
(impedance vs. log frequency). c. Bode plot (theta vs. log frequency).
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The χ2 value is calculated, by the software, from the χ2 goodness of fit test, which can be
described by the following equation:
𝜒 2 = ∑𝑛𝑖=1

(𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑖 −𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝑖 )2
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝑖

(36)

Therefore, the larger the χ2 value, the less the result fits the proposed model.
The first equivalent circuit used to model this system was the Rs(R1C1)( R2C2)
circuit, shown below in Figure 26. Circuits are named by how they are laid out.
Parentheses mean that those components of the circuit are in parallel, while no
parentheses mean they are in series. The first component in this circuit, Rs, represents the
solution resistance. This value should, theoretically, stay constant for each given solution.
The next two pairs of components are theoretically interchangeable; meaning the values
of the pairs of components can be flipped without repercussion. This, however, may
cause the nonlinear least square fit to have multiple local minima. Multiple minima
occur in nonlinear systems for a variety of reasons; reasons pertaining to this model being
that there are polynomials involved and that two variables can be interchanged without
affecting the outcome of the model. The multiple minima exist as local minima and one
global minimum. The goal is to find the global minimum so the chi-squared value
collected is true goodness of fit for the model.
Figure 27 shows the impedance measurements of 0.1 M VO2+ electrolyte at a
1.55 V bias potential vs. reference at 1500 rpm with the equivalent circuit Rs(R1C1)(R2C2)
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Figure 26: Rs(R1 C1)( R2 C2) circuit. Equivalent circuit used to model VO2+
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Figure 27: Impedance measurements of 0.1 M VO2+ electrolyte at a 1.55 V bias potential
vs. reference at 1500 rpm with the equivalent circuit Rs(R1C1)( R2C2) fit lines. The fit
line, shown in red, refers to this circuit with component values of: Rs = 2.768 Ω,
C1= 2.265 x 10-5 F, R1= 68.71 Ω, C2= 1.939 x 10-5 F, R2= 6188 Ω, and χ2 = 0.07726.
a. Nyquist plots( Z’r vs. Z”j) for both impedance measurements, shown in black, and fit,
shown in red. b. Bode plot (impedance vs. log frequency) for both impedance
measurements, shown in black, and fit, shown in red. c. Bode plot (theta vs. log
frequency) for both impedance measurements, shown in black, and fit, shown in red.
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fit lines. Even though the χ2 value associated with this Rs(R1C1)( R2C2) circuit fit is
relatively good, being 0.07726, the Rs(R1C1)( R2C2) circuit fit line shows apparent
deviations from the actual impedance measurements. These deviations are obvious in the
Bode plot shown in Figure 27 c where the impedance measurements show a single peak
while the Rs(R1C1)( R2C2) circuit fit line forces two peaks. These deviations are less
noticeable in the Bode plot shown in Figure 27 b, but the Rs(R1C1)(R2C2) circuit fit line
seems to have curves while the impedance measurement is straight.
To achieve a better fit, a modified circuit can be applied to the impedance
measurements. The next equivalent circuit used to model this system was the
Rs(R1CPE)(R2C) circuit shown below in Figure 28.
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Figure 28: Rs(R1CPE)(R2C) circuit. Equivalent circuit used to model VO2+
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Figure 29: Impedance measurements of 0.1 M VO2+ electrolyte at a 1.55 V bias potential
vs. reference at 1500 rpm with the equivalent circuit Rs(R1CPE)(R2C) fit lines. The fit
line, shown in red, refers to this circuit with component values of: Rs = 2.523 Ω,
C1= 3.825 x 10-5 F, R1= 3600 Ω, C2= 7.957 x 10-5 F, R2= 3411 Ω, and χ2 = 0.03261.
a. Nyquist plots( Z’r vs. Z”j) for both impedance measurements, shown in black, and fit,
shown in red. Inset is a close up view of the higher frequencies for both the impedance
measurements and the fit. b. Bode plot (impedance vs. log frequency) for both
impedance measurements, shown in black, and fit, shown in red. c. Bode plot (theta vs.
log frequency) for both impedance measurements, shown in black, and fit, shown in red.

Figure 29, shown above, shows the impedance measurements of 0.1 M VO2+
electrolyte at a 1.55 V bias potential vs. reference at 1500 rpm with the equivalent circuit
Rs(R1CPE)(R2C) fit lines. This model shows a relatively good fit with a χ2 value of
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0.03261. Compared to the Rs(R1C1)( R2C2) circuit fit shown in Figure 27, the χ2 value is
almost 2.5 times better of a fit. The better fit is obvious when the Nyquist plots of both
Figure 27 a and Figure 29 a are compared. In Figure 27 a, the Rs(R1C1)( R2C2) circuit fit
line is more of a perfect semi-circle which does not capture the lower slope at the higher
frequencies. Also, the Rs(R1C1)( R2C2) circuit fit line is more narrow then the impedance
measurements. In Figure 29 a, the Rs(R1CPE)(R2C) fit line has a broader semicircle with
a lower slope at the higher frequencies to fit the impedance measurements.
Some problems, such as multiple minima and deviations at high frequencies, can
arise while trying to find the best possible fit. These issues can be seen when the
equivalent circuit fit data is analyzed over a range of bias potentials. The following
sections will discuss how the problems from multiple minima and deviations at high
frequencies can be managed.

High-Frequency Cropping

With the equivalent circuit Rs(R1CPE)(R2C), as shown in Figure 28, the fit of this
model, to the impedance measurements in Figure 29, seems to be well suited except for
the deviations during the highest frequencies. This deviation can be seen in the inset plot
in Figure 29 a; the inset shows a zoomed-in look at the highest frequency of the Nyquist
plot where there seems to be a discrepancy between the fit and the impedance
measurement before the semicircle is formed. This discrepancy influences the
Rs(R1CPE)(R2C) circuit fit to have a larger value for the Rs resistor. It is more obvious
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in the Bode plots, shown in Figure 29 a-b. In both Bode plots, at higher frequencies the
impedance measurements trail upward while the Rs(R1CPE)(R2C) circuit fit lines
continue their trend. To match the impedance measurements, an inductor could be added
into the circuit with a very small or even negative value associated with it, as shown
below in Figure 30. Even though the negative value would make mathematical sense, it
would not make sense in a practical setting. These deviations are more than likely caused
by the instrumentation, therefore they can be excluded.
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Figure 30: RsL(R1CPE)(R2C) circuit. Equivalent circuit used to model VO2+.

Figure 31 shows the impedance measurements of 0.1 M VO2+ electrolyte at a
1.55 V bias potential vs. reference at 1500 rpm with the equivalent circuit
Rs(R1CPE)(R2C) fit lines after the high-frequency cropping. This model shows an
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Figure 31: Impedance measurements of 0.1 M VO2+ electrolyte at a 1.55 V bias potential
vs. reference at 1500 rpm with the equivalent circuit Rs(R1CPE)(R2C) fit lines after highfrequency cropping. The fit line, shown in red, refers to the before mentioned circuit
with component values of: Rs = 2.154 Ω, C1= 3.589 x 10-5 F, R1= 3886 Ω,
C2= 8.747 x 10-5 F, R2= 3268 Ω, and χ2 = 0.0007907. a. Nyquist plots ( Z’r vs. Z”j) for
both impedance measurements, shown in black, and fit, shown in red. Inset is a close up
view of the higher frequencies for both the impedance measurements and the fit. b. Bode
plot (impedance vs. log frequency) for both impedance measurements, shown in black,
and fit, shown in red. c. Bode plot (theta vs. log frequency) for both impedance
measurements, shown in black, and fit, shown in red.
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excellent fit with a χ2 value of 0.0007907. Compared to the Rs(R1CPE)(R2C) circuit fit
shown in Figure 29, the χ2 value is almost 42.25 times better of a fit. Compared to the
Rs(R1C1)( R2C2) circuit fit shown in Figure 27, the χ2 value is almost 97.75 times better of
a fit. The goodness of fit is especially evident in the inset of Figure 31 a, where there is
no longer a discrepancy between the fit and the impedance measurement before the
semicircle is formed at the higher frequencies.
Another example of an issue that can arise is shown below in Figure 32. This
figure shows each component in the Rs(R1CPE)(R2C) equivalent circuit, as shown in
Figure 28, vs. bias potential for the Rs(R1CPE)(R2C) fit parameters before and after the
high-frequency cropping. There is an obvious discrepancy at 1.7 V which can be seen,
by a certain extent, in every component of the circuit. Even though the χ2 value for this
point was the lowest, being 0.001552, the apparent deviation shows that this cannot be
the best fit for this model. This discrepancy can be caused either by cropping off the
wrong number of high frequency data points or multiple minima.
The first cause investigated was the number of high frequency data points
cropped. In Figure 32, the number of data points cropped off of the impedance
measurements at 1.7 V was 8 points in total. To test if too many high frequency points
were excluded, only 5 high frequency points were cropped from the original impedance
measurements and the Rs(R1CPE)(R2C) equivalent circuit fit was calculated again. The
χ2 value for this fit was 0.005648, which is roughly 3.6 times worse than the original 8
high frequency point cropped Rs(R1CPE)(R2C) equivalent circuit fit. The results from
the modified high-frequency cropping were again plotted with the rest of the bias
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Figure 32: Rs(R1CPE)(R2C) equivalent circuit components vs. bias potential for the
Rs(R1CPE)(R2C) fit parameters before and after the high-frequency cropping. The
component values before high-frequency cropping are shown in black while the red
shows component values after the high-frequency cropping. a. Rs vs. bias potential b. R1
vs. bias potential. c. CPE-T vs. bias potential d. R2 vs. bias potential. e. CPE-P vs. bias
potential. f. C vs. bias potential.
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potentials, which can be seen below in Figure 33.
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Figure 33: The selected Rs(R1CPE)(R2C) equivalent circuit components vs. bias
potential for the Rs(R1CPE)(R2C) fit parameters before and after the modified highfrequency cropping. The component values before high-frequency cropping are shown in
black while the red shows component values after the modified high-frequency cropping.
a. CPE-T vs. bias potential b. CPE-P vs. bias potential. c. C vs. bias potential.

In Figure 33, the deviations at 1.7 V have, in some only some components shown,
become larger. This result shows that the number of high frequency points cropped was
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not the factor causing the large deviation at 1.7 V. This likely means that the
Rs(R1CPE)(R2C) equivalent circuit fit at this bias potential was in a different local
minimum relative to the rest of the bias potentials.
Since the Rs(R1CPE)(R2C) equivalent circuit fit for the original cropped
impedance measurements at 1.7 V were in a different local minimum relative to the rest
of the bias potentials, as discussed in the following section, the number of high frequency
data points cropped may still be incorrect since in a different minimum. To test if too
many high frequency points were excluded, only 5 high frequency points were cropped
from the original impedance measurements and the Rs(R1CPE)(R2C) equivalent circuit
fit was calculated again making sure to be in the correct minima. The χ2 value for this fit
was 0.005928, which is roughly 3.7 times worse than the 8 high frequency point cropped
Rs(R1CPE)(R2C) equivalent circuit fit in the same local minimum. This result shows that
the original number of high frequency points cropped lead to the best fit for the
Rs(R1CPE)(R2C) equivalent circuit. The results from the modified high-frequency
cropping can be seen below in Table 5.
Some may argue that the high-frequency cropping did not affect the component
values in a noticeable way. The effect that the high-frequency cropping had can be seen
in below in Table 5. This table shows that there is a large shift in the solution resistance
for the entire range of bias potentials. While there is just a slight shift in the higher bias
potentials for R1, this slight shift may be caused by the constant phase elements shift
towards more of a capacitor like behavior which would in turn affect the resistor it has in
parallel.
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Table 5: Values of the Rs(R1CPE)(R2C) fit parameters before and after the modified
high-frequency cropping for the impedance measurements on the 0.1 M VO2+ electrolyte
at a 1.55 V bias potential vs. reference on the glassy carbon RDE.
Data Set
Rs (Ω)
CPE-T (F)
CPE-P
R1 (Ω)
C (F)
R2 (Ω)
Full data set

2.491

3.341 x 10-5

0.9503

1812

4.189 x 10-4

542

8 points cut

2.124

9.993 x 10-5

0.8918

1455

4.151 x 10-5

966.3

5 points cut

2.143

1.250 x 10-4

0.8731

1325

3.847 x 10-5

1107

Multiple Minima

Multiple minima occur in nonlinear systems for a variety of reasons; reasons
pertaining to this equivalent circuit model being that there are polynomials involved in
calculating the fit and that the (R1CPE) and (R2C) variables can be interchanged without
affecting the outcome of the model. To test if the deviation was caused by multiple
minima, the Rs(R1CPE)(R2C) equivalent circuit fit for the original cropped impedance
measurements at 1.7 V was forced out of the current local minimum by locking the
values of certain components of the circuit. Once out of that particular local minimum
the values of the circuit components were unlocked and the Rs(R1CPE)(R2C) equivalent
circuit fit was calculated again. The χ2 value for this fit was 0.001614, which is less than
4% off from the original cropped Rs(R1CPE)(R2C) equivalent circuit fit. The results
from the new local minimum were again plotted with the rest of the bias potentials, which
can be seen below in Figure 34.
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Figure 34: Rs(R1CPE)(R2C) equivalent circuit components vs. bias potential for the
Rs(R1CPE)(R2C) fit parameters in the same local minimum with no high-frequency
cropping. The component values for the original set of data before high-frequency
cropping are shown in black while the red shows component values after being forced to
a local minimum. a. Rs vs. bias potential. b. R1 vs. bias potential. c. CPE-T vs. bias
potential d. R2 vs. bias potential. e. CPE-P vs. bias potential. f. C vs. bias potential.
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In this figure, the deviations at 1.7 V have seemingly disappeared. This means that the
original Rs(R1CPE)(R2C) equivalent circuit fit at this bias potential was, in fact, in a
different local minimum relative to the rest of the bias potentials.

Cyclic Impedance

The EIS run on the glassy carbon RDE was done over a range of bias potentials
vs. the reference electrode, -0.25 to 1.75 V, from the lowest to the highest bias potential,
and then back down from the highest to the lowest potential, without letting the system
go back to the open circuit potential (OCP). The working electrode was rotated at a rate
of 3000 rpm. The impedance measurements were collected from the highest frequency to
the lowest frequency, 1 x 105 to 0.1 Hz. The impedance measurements for the 0.1 M
VO2+ electrolyte solution at a 0.75 V bias potential vs. reference for both the forward and
reverse scans at 3000 rpm are shown below in Figure 35.
In Figure 35, there is an obvious difference in the impedance measurements
collected for the forward and reverse scans. The change of impedance for this electrolyte
solution is caused by some underlying electrochemical phenomenon that is happening
while potential is applied to the system. Since the bias potential was 0.75 V vs the SCE
reference electrode the change in impedance was likely caused by the presence of VO2+
in the 0.1 M VO2+ in 6 M H2SO4 solution.
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Figure 35: Impedance measurements of 0.1 M VO2+ in 6 M H2SO4 at a 0.75 V bias
potential vs. reference at 3000 rpm for both the forward and the reverse scans. The
forward scan is shown in black while the reverse scan is shown in red a. Nyquist plot
(Z’r vs. Z”j). b. Bode plot (impedance vs. log frequency). c. Bode plot (theta vs. log
frequency).

This change in impedance can also be seen as a change in equivalent circuit fit.
The impedance measurements were analyzed by using an equivalent circuit to model this
system. The model used was the Rs(R1CPE)( R2C) circuit, shown below in Figure 28.
Each of the Rs(R1CPE)(R2C) equivalent circuit components was fitted to the forward and
reverse can impedance measurements. The resulting values were then plotted vs. bias
potential for the Rs(R1CPE)(R2C) fit parameters for the forward and reverse scans, as
shown in Figure 36. It is important to note that the large peak at approximately 0.1 V in
all of the components is due to the noise from the impedance measurement
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Figure 36: Rs(R1CPE)(R2C) equivalent circuit components vs. bias potential for the
Rs(R1CPE)(R2C) fit parameters for the forward and reverse scans. The forward scan is
shown in black while the red shows reverse scan. a. Rs vs. bias potential b. C vs. bias
potential. c. CPE-T vs. bias potential d. R1 vs. bias potential. e. CPE-P vs. bias potential.
f. R2 vs. bias potential.
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around 100 Hz, therefore should be ignored. It is interesting to see which circuit
components responded differently for the two scans. The solution resistance increased
for the reverse scan. This increase would mean that the 0.1 M VO2+ in 6 M H2SO4
solution has somehow changed likely to the increase of reduced vanadium species in
solution. The capacitor and second resistor seem to have the same trends for both of the
scans, but still show a large difference. The increase of capacitance and resistance are
dependent on each other since they are in parallel. The constant phase element and the
first resistor seem to have a trend inversely proportional to the forward scan. This is
interesting since it likely means that the electrochemical process that this parallel pair
represents is the electrochemical process that caused the change of the impedance
measurements.

Platinum Rotated Disc Electrode

The EIS run on the platinum RDE was done over a range of bias potentials vs. the
reference electrode, -0.25 – 1.75 V, from the lowest to the highest bias potential. The
working electrode was rotated at a rate of 3000 rpm. The impedance measurements were
collected from the highest frequency to the lowest frequency; these measurements can be
analyzed by fitting equivalent circuits to their corresponding Nyquist and Bode plots.
The Nyquist plots obtained from impedance measurements for the 0.1 M VO2+
electrolyte solution for the range of -0.25 to 1.75 V bias potentials vs. reference at
3000 rpm are shown below in Figure 37.
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Figure 37: Nyquist plots of 0.1 M VO2+ in 6 M H2SO4 for -0.25 to 1.75 V bias potential
vs. reference at 1500 rpm on the platinum RDE.

In Figure 37, there is a section of bias potentials that there is a large increase of
impedance from approximately 0.8 to 1.2 V. During this section, it is likely that the
electrochemical reactions, namely the redox reaction of VO2+ and VO2+, at the electrode
cause these changes in impedance. When fitting the Rs(R1CPE)(R2C) circuit, shown in
Figure 28 above, to the impedance measurements, it was found that the circuit
components associated with the electrochemical phenomena at the electrode also show
noticeable changes. These changes can be seen in Table 6 shown below. In this table,
the values obtained for the bias potentials 0.95 and 1.15 V represent the system during

85

Table 6: Values of the Rs(R1CPE)(R2C) fit parameters for the impedance measurements
on the 0.1 M VO2+ electrolyte at various bias potential vs. reference on the platinum
RDE.
Bias
Rs (Ω)
CPE-T (F)
CPE-P
R1 (Ω)
C (F)
R2 (Ω)
Potential (V)
0.7
1.795
3.166 x 10-5
0.8949
1546
3.3654 x 10-4
481.5
0.95

1.785

3.155 x 10-5

0.9146

5689

3.201 x 10-5

77240

1.15

1.793

3.259 x10-5

0.9326

4725

3.966 x 10-5

23690

1.3

1.811

2.599 x10-5

0.9522

2123

9.808 x 10-5

1949

the electrochemical reaction while the values obtained for the bias potentials 0.7 and
1.3 V represent the system before and after the electrochemical reaction occurred,
respectively. In this table, both parallel components (R1CPE) and (R2C) show an increase
as the reaction at the electrode surface continues, which can be seen especially well in the
resistors in each respective parallel component. R1 increases approximately 4 fold and
R2 increases approximately 160 fold during the electrochemical reaction taking place.
This drastic increase can be attributed to the reduction of VO2+ to VO2+. The decrease in
resistance after this reaction occurs is due to the increase in capacitance. This increase in
capacitance is expected since the concentration of VO2+ would be at its highest after all of
the more reduced oxidations states, formed at lower potentials, have fully been oxidized.

CHAPTER 4
VANADIUM (IV)

Vanadium (IV) is also often referred to as the vanadyl or oxovanadium(IV)
cation, which is the +4 oxidation state of vanadium. This species is one of the most
stable forms and is stable under atmospheric conditions. VO2+ is a royal blue while in
solution, refer to Figure 2.

Ultraviolet Visible Spectroscopy

The ultraviolet visible spectroscopy (UV-VIS) was done over a range of
wavelengths from the longest to the shortest wavelength, 900 nm to 400 nm. The
absorbance spectrum for 0.033M VO2+ vs. 6 M sulfuric acid reference can be seen below
in Figure 38. The peak wavelength from this spectrum was found to be 745 nm. The
standardization curve for VO2+ vs. 6 M sulfuric acid reference collected at 745 nm,
shown below in Figure 39, follows Beer-Lambert law shown in equation 32. The
equation of the standardization curve was found to be:
𝐴 =8.6c

(37)
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Figure 38: Absorbance spectrum for 0.033M VO2+ vs. 6 M sulfuric acid reference. The
spectrum was scanned from 900 nm to 400 nm. The peak wavelength was 745 nm.
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Figure 39: Standardization curve for VO2+ vs. 6 M sulfuric acid reference collected at
745 nm. The equation for the curve was found to be A=8.6c with a R2 value of 0.9983.
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With an R2 value of 0.9983, this value correlates to the error of the fit to the collected
data. The slope of this curve was found to be 8.6 Lmol-1, which directly correlates with
the molar extinction coefficient times the path length. Since the path length of the cell
was 1 cm, the molar extinction coefficient can be calculated to be 8.6 L mol-1cm-1.

Cyclic Voltammetry

RDE CV was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. The platinum
RDE readily reacts with hydrogen so the cathodic (negative) potential range is limited.
The glassy carbon RDE should not react with hydrogen so the signal at cathodic
potentials can be seen. By using RDEs the mass transport to the electrode surface can be
controlled and gas bubbles are prevented from attaching to the surface of the electrode.
The following sections discuss the RDE CV performed on both platinum and glassy
carbon RDEs.

Platinum Rotated Disc Electrode

The RDE CV performed on the platinum RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 1.5 V rising to 3 V then sweeping
to 0 V for a total of 10 segments at a scan rate of 25 mV s-1. The working electrode was
rotated 3000 rpm during the scan and nitrogen was sparged through the solution. The
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RDE cyclic voltammogram for 0.1 M VO2+ in 6 M H2SO4 for these conditions is shown
below in Figure 40.
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Figure 40 : RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a platinum
RDE working electrode swept from 0 V to 3 V at 25 mV s-1and 3000 rpm.

In Figure 40, the large hysteresis loop starting at 1.7 V is likely caused by oxygen
evolution, shown in equation 34, since it would be out of the region of stability for water.
To get a better view of what is occurring in Figure 40, a close-up of the RDE cyclic
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voltammogram for 0.1 M VO2+ in 6 M H2SO4 is shown in Figure 41, where it is easier to
see the detail of the hystereses.

0.020

Current (A)

0.015

0.010

0.005

0.000
0.0

0.5

1.0

1.5

2.0

2.5

Potential (V)
Figure 41: Close-up of the RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4
using a platinum RDE working electrode swept from 0 V to 3 V at 25 mV s-1and
3000 rpm.

The large hysteresis loop, previously mentioned, actually connects to the adjacent
hysteresis loop beginning at 0.95 V. Since this is still well within the region of stability
for water, it must be from the redox reaction of VO2+ and VO2+ which occurs at this
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potential. The hysteresis loop from 0.95 to approximately 1.75 V is from the reduction of
VO2+ to VO2+. The hysteresis related from both the redox reaction of VO2+ and VO2+
and the possible evolution of oxygen overlap, making it hard to tell where the first ends,
if it ends at all, and the second begins.
There seems to be two other areas of hysteresis occurring at the more negative
potentials. Since the current signal from these potentials is so small relative to the
hysteresis occurring after 1 V, a new potential range was chosen to better analyze these
sections, as shown below in Figure 42. This figure shows the RDE cyclic voltammogram
from the RDE CV performed on the platinum RDE for 0.1 M VO2+ in 6 M H2SO4 over a
range of bias potentials vs. the reference electrode (SCE), starting at 0.5 V rising to 0.9 V
then sweeping to -0.2 V for a total of 10 segments at a scan rate of 25 mV s-1 while
rotating 3000 rpm.
In Figure 42, the RDE cyclic voltammogram obtained was not what was expected.
The expected curve would have a multiple step sigmoidal curve with the forward and
reverse scan retracing the preceding sweep. The large dip at the negative potentials is
caused by hydrogen evolution, as described in equation 35, which is irreversible.
The two consecutive peaks, shown in Figure 42, between 0.1 and 0.5 V are rather
interesting. According to literature, these peaks are caused by desorption of hydrogen
from the surface of the platinum RDE.101-104 The adsorption and desorption of the
hydrogen from the platinum RDE surface can be described by the following reactions.
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Figure 42: RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a platinum
RDE working electrode swept from -0.2 V to 0.9 V at 25 mV s-1and 3000 rpm.

The Volmer reaction describes the chemical adsorption onto the platinum surface
or the hydrogen oxidation reaction (HOR):
H+ + e-  Hads

(38)

where Hads refers to the hydrogen adsorbed to the platinum RDE surface, or
H2 + 2 Pt  2 PtHads

(39)
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The chemical desorption of hydrogen from the platinum surface has two possible
mechanisms, the Tafel reaction and/or the Heyrovsky rection. The Tafel reaction is a
non-electrochemical chemical desorption:
2 Hads  H2

(40)

or
2 PtHads  H2 + 2 Pt

(41)

The Heyrovsky reaction is an electrochemical desorption:
Hads + H+ + e-  H2

(42)

PtHads + H+  H2 + Pt

(43)

or

The Volmer-Tafel mechanism is the dominant reaction at low potentials while the
Volmer-Heyrovsky mechanism is dominant at higher potentials. This means that the first
peak at 0.15 V is attributed to the Tafel reaction while the second peak at 0.38 V can be
attributed to the Heyrovsky reaction.
These two peaks related to the desorption of hydrogen from the surface of the
platinum electrode mask the oxidation reaction of V3+ and VO2+. This reaction must be
present since the corresponding reduction is seen on the cathodic sweep.
To better see the vanadium oxidation states redox reactions, a different range of
potential was chosen, in hopes to better see the redox reaction of V3+ and VO2+ while
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stopping the adverse effects of hydrogen evolution. Figure 43 shows the RDE cyclic
voltammogram for 0.1 M VO2+ in 6 M H2SO4 over a range of bias potentials vs. the
reference electrode (SCE), starting at 0.5 V rising to 0.9 V then sweeping to -0.1 V for a
total of 10 segments at a scan rate of 25 mV s-1 while the working electrode was rotated
3000 rpm.
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Figure 43 : RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a platinum
RDE working electrode swept from -0.1 V to 0.9 V at 25 mV s-1and 3000 rpm.
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The RDE cyclic voltammogram obtained from the reduced range of potentials, as
shown in Figure 43, still contains the peaks associated with the desorption of hydrogen
from the surface of the platinum RDE, caused by hydrogen evolution. These peaks still
mask the oxidation reactions of V2+ to V3+ but the oxidation of V3+ to VO2+ is shown to
likely occur starting at approximately 0.7 V. This is shifted from the expected value
probably due to the change in pH from the hydrogen evolution.
The cathodic sweep of the RDE cyclic voltammogram obtained from the reduced
range of potentials, as shown in Figure 43, does provide new information. The dip at 0.1
is still caused by hydrogen evolution, but the dip at 0 V is caused by the adsorption of
hydrogen onto the surface of the platinum electrode. Since the dip caused by hydrogen
evolution was small enough, these new features of the voltammogram can be shown.
There is also an interesting dip from 0.25 to 0.6V, which may also be caused by the
adsorption of hydrogen onto the surface of the platinum electrode. Since there are two
different mechanisms, the two dips can be assigned. The Volmer-Tafel mechanism is the
dominant reaction at low potentials while the Volmer-Heyrovsky mechanism is dominant
at higher potentials. The dip at 0 V is caused by the Volmer-Tafel mechanism, while the
second dip, from 0.25 to 0.6, can be attributed to the Volmer-Heyrovsky mechanism.
Since the hydrogen evolution reaction (HER) and the HOR masked most of the
data associated with the vanadium oxidation states, the platinum RDE can be thought of
as poisoned. An electrode is poisoned when adsorbates are built up on the surface of the
electrode. This adsorbate build up can be attributed to the low scan rate used. The
buildup of abosorbates can be reduced when higher scan rates are used since the increase

96

in laminar flow would cause the stagnant layer to be thinner. To reverse the poisoning,
the platinum RDE must be thoroughly polished to be sure all of the hydrogen adsorbed
onto the surface is removed. Since the electrode was not polished between each run, it is
possible that poisoning of the electrode occurred.

Glassy Carbon Rotated Disc Electrode

The RDE CV performed on the glassy carbon RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 1 V rising to 2.5 V then sweeping
to 0 V for a total of 10 segments at a scan rate of 25 mV s-1. The working electrode was
rotated 3000 rpm during the scan and nitrogen was sparged through the solution. The
RDE cyclic voltammogram for 0.1 M VO2+ in 6 M H2SO4 for these conditions is shown
below in Figure 44.
In Figure 44, the RDE cyclic voltammogram has a large hysteresis loop starting at
0.9 V. The first section of this hysteresis is likely from the redox reaction of VO2+ and
VO2+, which is a quasi-reversible reaction according to literature.38, 40 This hysteresis
could also be partly attributed to oxygen interacting with the glassy carbon RDE surface.
When oxygen interacts with a carbon surface C-O functional groups can form. If too
many of these groups form there would be a risk of the electrode being poisoned. The
large peak starting at 2.1 V can be attributed to oxygen evolution, which is irreversible,
since it would be out of the region of stability for water.
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Figure 44: RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a glassy
carbon RDE working electrode swept from 0 V to 2.5 V at 25 mV s-1and 3000 rpm.

To get a better view of the phenomena associated with the oxidation states of
vanadium, a new range of potentials were chosen. Figure 45 shows the RDE cyclic
voltammogram for 0.1 M VO2+ in 6 M H2SO4 over a range of bias potentials vs. the
reference electrode (SCE), starting at 0.5 V rising to 2 V then sweeping to -1 V for a total
of 10 segments at a scan rate of 25 mV s-1 while the working electrode was rotated 3000
rpm and nitrogen was sparged through the solution.

98

0.003

0.002

Current (A)

0.001

0.000

-0.001

-0.002

-0.003

-0.004
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Potential (V)

Figure 45 : RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a glassy
carbon RDE working electrode swept from -1 V to 2 V at 25 mV s-1and 3000 rpm.

In Figure 45, the large hysteresis loop in the higher potentials can be caused by a
few factors, with the first factor being the redox reaction of VO2+ and VO2+ and the
second factor being oxygen evolution.

Oxygen released into solution by this reduction

and from oxygen evolution can interact with the surface of the glassy carbon electrode
and form C-O functional groups.
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Normally, the glassy carbon RDE would not react with hydrogen allowing the
signal at cathodic potentials can be seen, but a reaction can be seen is the electrode
surface is poisoned with C-O functional groups. The functional groups formed during
oxygen evolution can be protonated during hydrogen evolution occurring at low
potentials. The protonation of these C-O functional groups can be seen at -0.8 V where
there is a dip. The increase in current signal for the later sweeps can be attributed to the
increase in poisoning of the glassy carbon electrode. The C-O functional groups are
deprotonated at the peak at 0.2 V.
The small hysteresis loop from approximately 0.2 to 0.4 V can likely be attributed
to the redox reaction of VO2+ and V3+. While the other hysteresis loop at the negative
potentials can likely be attributed to hydrogen evolution.
To get a better view of the phenomena associated with the oxidation states of
vanadium, a new range of potentials were chosen. Figure 46 shows the RDE cyclic
voltammogram for 0.1 M VO2+ in 6 M H2SO4 over a range of bias potentials vs. the
reference electrode (SCE), starting at 0.5 V rising to 0.9 V then sweeping to -0.1 V for a
total of 10 segments at a scan rate of 25 mV s-1 while the working electrode was rotated
3000 rpm and nitrogen was sparged through the solution.
The RDE cyclic voltammogram obtained from reduced range of potentials, as
shown in Figure 46, does not contain interaction with oxygen at the glassy carbon RDE
surface, as shown in Figure 44 and 45, since oxygen evolution occurs outside of the
reduced range at a higher potential.
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Figure 46: RDE cyclic voltammogram of 0.1 M VO2+ in 6 M H2SO4 using a glassy
carbon RDE working electrode swept from -0.1 V to 0.9 V at 25 mV s-1and 3000 rpm.

Electrochemical Impedance Spectroscopy

EIS was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. Each electrode
can provide different insight of the electrochemical phenomena happening at the
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electrode surface. The following sections discuss the EIS performed on both platinum
and glassy carbon RDEs.

Platinum Rotated Disc Electrode

The EIS run on the platinum RDE was done over a range of bias potentials vs. the
reference electrode, -0.25 to 2 V, from the lowest to the highest bias potential. The
working electrode was rotated at a rate of 3000 rpm. The impedance measurements were
collected from the highest frequency to the lowest frequency; these measurements can be
analyzed using their corresponding Nyquist and Bode plots. The Nyquist plots obtained
from the impedance measurements for the 0.1 M VO2+ electrolyte solution from -0.25 to
2 V bias potential vs. reference at 3000 rpm are shown below in Figure 47.
In Figure 47, there are two sections of bias potentials that have a large increase of
impedance. The section, from approximately -0.25 to 0.2 V, is likely caused by hydrogen
evolution. Hydrogen evolution would have caused interactions at the surface of the
platinum RDE along with a shift in the pH of the electrolyte solution. Adsorbed
hydrogen on the surface of the platinum RDE could be the cause of the noise in the
impedance measurements since the adsorption would lead to an ununiformed surface and
a loss of electrochemically active surface area.
The section, from approximately 0.5 to 0.75 V, is likely caused by the
electrochemical reactions, namely the redox reaction of VO2+ and V3+, at the electrode
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Figure 47: Nyquist plots of 0.1 M VO2+ in 6 M H2SO4 for -0.25 to 2 V bias potential vs.
reference at 3000 rpm on the platinum RDE.

surface causing these changes in impedance. The equivalent circuit used to model this
data was the Rs(R1(R2C)CPE1)(R3CPE2) circuit, as shown below in Figure 48. In this
circuit the Rs resistor would represent the solution resistance. In the first parallel
component, the R1 resistor would represent the resistance related to vanadium, the CPE1
would represent the capacitance related to vanadium while the parallel component,
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Figure 48: Rs(R1(R2C)CPE1)(R3CPE2) circuit. Equivalent circuit used to model VO2+.

including C and R2, in series with R1 represents the double layer capacitance and the
charge transfer resistance, respectively. The final parallel component, including R3 and
CPE2, resistor would represent the resistance related to vanadium and the CPE1 would
represent the capacitance related to vanadium.
When fitting the Rs(R1(R2C)CPE1)(R3CPE2) circuit to the impedance
measurements, it was found that the circuit components associated with the
electrochemical phenomena at the electrode also show noticeable changes. These changes
can be seen in Table 7 shown below.
In this table, the values obtained for the bias potentials 0.55, 0.65 and 0.75 V
represent the system in the midst of the electrochemical reaction while the values
obtained for the bias potentials 0.45 and 0.85 V represent the system before and after the
electrochemical reaction occur, respectively.
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Table 7: Values of the Rs(R1(R2C)CPE1)(R3CPE2) fit parameters for the impedance
measurements on the 0.1 M VO2+ electrolyte at various bias potential vs. reference on the
platinum RDE.
Bias
Potential
(V)

Rs

CPE-T1

(Ω)

(µF)

0.45

1.629

7.307

0.55

1.636

6.416

0.65

1.628

6.458

0.75

1.634

7.935

0.85

1.611

13.45

R1
CPE-P1

0.9557
0.9679
0.9729
0.9768
0.9731

C (µF)
R2 (Ω)

(Ω)

CPE-T2
CPE-P2

R3 (Ω)

(µF)

199.8

4.186

46.21

62.90

0.8202

119

147.9

3.134

56.13

29.62

0.8722

235.6

147

2.647

94.26

11.40

0.8862

721

143.7

2.233

114.6

8.812

0.8764

1002

123.7

2.574

114.8

7.628

0.8883

1194

In this table, every component of the Rs(R1(R2C)CPE1)(R3CPE2) circuit shows a
substantial change as the reaction at the electrode surface continues. R1 decreases by 60
percent and the CPE1 increases by a factor of 2 while R2 increases by a factor of
approximately 2.5 and the capacitance of the capacitor decreases by a factor of
approximately 1.5. The CPE2 shows an 8 fold decrease in capacitance while R3 increases
10 fold. The capacitance for the CPE can be attributed partly to the CPE-P values getting
closer to 1. When CPE-P is equal to 1 the CPE acts like a real capacitor. The circuitry
elements of (R1(R2C)CPE1) are all dependent on each other. The change in value of one
circuit element can lead to a change in another circuit element’s value from this parallel
circuit component. Since the entire Rs(R1(R2C)CPE1)(R3CPE2) circuit is in flux during
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this range of bias potentials, this means that there is more than one electrochemical
phenomenon happening at the electrode surface.

Glassy Carbon Rotated Disc Electrode

The EIS run on the glassy carbon RDE was done over a range of bias potentials
vs. the reference electrode, -0.25 to 2 V, from the lowest to the highest bias potential.
The working electrode was rotated at a rate of 3000 rpm. The impedance measurements
were collected from the highest frequency to the lowest frequency; these measurements
can be analyzed using their corresponding Nyquist and Bode plots. The Nyquist plots
obtained from the impedance measurements for the 0.1 M VO2+ electrolyte solution from
-0.25 to 2 V bias potential vs. reference at 3000 rpm are shown below in Figure 49.
In Figure 49, there are three sections of bias potentials that show a large increase
of impedance. The section, from approximately 1.7 to 2 V, is likely caused by oxygen
evolution. Oxygen evolution would have shifted the pH of the solution causing the
increase in impedance. Also oxygen can interact with the surface of the glassy carbon
electrode forming C-O functional groups. Since this possible poisoning happened at the
end of the range for the collected impedance measurements, it likely did not affect the
desired data.
The section, from approximately 0.5 to 0.85 V, is likely caused by the
electrochemical reactions, namely the redox reaction of VO2+ and V3+, at the electrode
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Figure 49: Nyquist plots of 0.1 M VO2+ in 6 M H2SO4 for -0.25 to 2 V bias potential vs.
reference at 3000 rpm on the glassy carbon RDE.

surface causing these changes in impedance. When fitting the
Rs(R1(R2C)CPE1)(R3CPE2) circuit, as shown above in Figure 48, to the impedance
measurements, it was found that the circuit components associated with the
electrochemical phenomena at the electrode also show noticeable changes during the
proposed reaction. These changes can be seen in Table 8 shown below.
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Table 8: Values of the Rs(R1(R2C)CPE1)(R3CPE2) fit parameters for the impedance
measurements on the 0.1 M VO2+ electrolyte at various bias potential vs. reference on the
glassy carbon RDE.
Rs

CPE-T1

Bias
Potential
(V)

(Ω)

(µF)

0.4

1.746

762.6

0.5

1.746

546.5

0.6

1.735

461.6

0.7

1.731

354.6

0.8

1.721

231.9

0.9

1.719

130.8

R1
CPE-P1

0.8112
0.8474
0.8987
0.9095
0.9041
0.9184

C (µF)
R2 (Ω)

(Ω)

CPE-T2

R2
CPE-P2

(µF)

(Ω)

831.4

1847

736.1

252.4

0.9061

114.2

704.3

2297

416

176.4

0.8933

148.5

289

5789

74.07

101.5

0.8979

154.1

306.3

5556

58.74

77.11

0.9126

141.9

477.2

4638

121

86.32

0.9131

128.7

948.5

1568

280.5

114.6

0.9081

125.7

In this table, the values obtained for the bias potentials 0.5 to 0.8 V represent the
system in the midst of the electrochemical reaction while the values obtained for the bias
potentials 0.4 and 0.9 V represent the system before and after the electrochemical
reaction occur, respectively.
In this table, every component of the Rs(R1(R2C)CPE1)(R3CPE2) circuit shows
some amount of change as the reaction at the electrode surface continues. R1 has a slight
increase of resistance and the capacitance of the CPE1 decreases by a factor of roughly 6,
while the resistance of R2 decreases by a factor of approximately 2.5 and the capacitance
of the capacitor only had a slight change with its 14 percent decrease. The CPE2 showed
a decrease in capacitance of about 50 percent while the resistance of R3 increased only 10
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percent. The change in capacitance for CPE1 can be attributed partly to the CPE-P1
values getting closer to 1, meaning it is acting more like a real capacitor. Also, it is
important to note that the decrease in Rs could likely be influencing the values of the
components of the rest of the circuit. The increase of resistance in R1 is likely caused by
the decrease in resistance of R2. Since R1 is in series with the (R2CPE1) parallel
component, they can directly affect one another. It is interesting that the parallel
component (R3CPE2) seems to stay relatively steady, compared to the other circuit
components, throughout the reaction. This could likely be caused by the lack of or
inhibition of the phenomenon that this component of the equivalent circuit is
representing. When compared to the circuitry values obtained from the impedance
measurement collected on the platinum electrode, it may be concluded that this circuit
component is likely representing the phenomena associated with hydrogen evolution.
In Figure 49, the section, from approximately -0.25 to 0.15 V, can be mostly
attributed to hydrogen evolution and partly by the redox reaction of VO2+ and V3+. When
fitting the Rs(R1(R2C)CPE1)(R3CPE2) circuit, as shown above in Figure 48, to the
impedance measurements, it was found that the circuit components associated with the
electrochemical phenomena at the electrode surface also show noticeable changes. These
changes can be seen in Table 9 shown below. In this table, the values obtained for the
bias potentials from -0.25 to 0.15 V represent the system in the midst of the
electrochemical reaction while the values obtained for 0.25 V represent the system after
the electrochemical reaction occurs.
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Table 9: Values of the Rs(R1(R2C)CPE1)(R3CPE2) fit parameters for the impedance
measurements on the 0.1 M VO2+ electrolyte from a bias potential range of -0.25 to 0.25
V vs. reference on the glassy carbon RDE.
Rs

CPE-T1

Bias
Potential
(V)

(Ω)

(µF)

-0.25

1.836

363.7

-0.05

1.697

598.9

0.15

1.721

1328

0.25

1.736

1144

R1
CPE-P1

0.8807
0.8326
0.8250
0.8364

C (µF)
R2 (Ω)

(Ω)

CPE-T2

R2
CPE-P2

(µF)

(Ω)

252.8

248.8

2248

95.6

0.9501

36.31

256.4

629.9

583.7

123.1

0.9296

33.71

138.4

9472

48.58

151.0

0.9087

48.03

199.9

7469

85.5

189.4

0.9003

75.31

In this table, it is interesting to note that the solution resistance showed a
substantial change relative to the previously performed measurements. This change
would be associated with a change of chemical properties of the solution. Since the
dominant reaction occurring at this low range of potentials is oxygen evolution, the pH of
the 0.1 M VO2+ electrolyte solution is changing causing the decrease in solution
resistance.
As expected, the entire Rs(R1(R2C)CPE1)(R3CPE2) circuit is in flux during this
range of bias potentials, meaning that there is more than one electrochemical
phenomenon happening at the electrode surface. As preveiously stated, the phenomena
occurring can be mostly be attributed to hydrogen evolution and partly attributed to the
redox reaction of V2+ and V3+. Since the starting electrolyte solution was 0.1 M VO2+ in
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6 M H2SO4, there would only be very minute amount of the reduced species in solution in
the beginning of the impedance measurements. As the more oxidized vanadium oxidation
states are reduced due to the low potentials, the signal related to the phenomena at the
electrode surface associated with these reactions with the more reduced species becomes
less prevalent.

CHAPTER 5
VANADIUM (III)

Vanadium (III) is the +3 oxidation state of vanadium and is green in color, refer
back to Figure 2. V3+ can be oxidized back to VO2+ under atmospheric conditions;
therefore it is not stable over long periods of time unless tightly sealed.

Ultraviolet Visible Spectroscopy

The ultraviolet visible spectroscopy (UV-VIS) was done over a range of
wavelengths from the longest to the shortest wavelength, 900 nm to 400 nm. The
absorbance spectrum for 0.033M V3+ vs. 6 M sulfuric acid reference can be seen below in
Figure 50. The peak wavelength from this spectrum was found to be 615 nm. The
standardization curve for V3+ vs. 6 M sulfuric acid reference collected at 615 nm, shown
below in Figure 51, follows Beer-Lambert law shown in equation 32. The equation of
the standardization curve was found to be:
𝐴 =5.8c

(44)

With an R2 value of 0.999, this value correlates to the error of the fit to the collected data.
The slope of this curve was found to be 5.8 Lmol-1, which directly correlates with the
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Figure 50: Absorbance spectrum for 0.033M V3+ vs. 6 M sulfuric acid reference. The
spectrum was scanned from 900 nm to 400 nm. The peak wavelength was 615 nm.
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Figure 51: Standardization curve for V3+ vs. 6 M sulfuric acid reference collected at
615 nm. The equation for the curve was found to be A=5.8c with a R2 value of 0.999.
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molar extinction coefficient times the path length. Since the path length of the cell was
1 cm, the molar extinction coefficient can be calculated to be 5.8 L mol-1cm-1.

Cyclic Voltammetry

RDE CV was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. The platinum
RDE readily reacts with hydrogen so the cathodic (negative) potential range is limited.
The glassy carbon RDE should not react with hydrogen so the signal at cathodic
potentials can be seen. By using RDEs the mass transport to the electrode surface can be
controlled and gas bubbles are prevented from attaching to the surface of the electrode.
The following sections discuss the RDE CV performed on both platinum and glassy
carbon RDEs.

Platinum Rotated Disc Electrode

The RDE CV performed on the platinum RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 0 V rising to 2.5 V then sweeping
to -0.5 V for a total of 10 segments at a scan rate of 25 mV s-1. The working electrode
was rotated 3000 rpm during the scan and nitrogen was sparged through the solution. The
RDE cyclic voltammogram for 0.1 M V3+ in 6 M H2SO4 for these conditions is shown
below in Figure 52.
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Figure 52: RDE cyclic voltammogram of 0.1 M V3+ in 6 M H2SO4 using a platinum
RDE working electrode swept from -0.5 V to 2.5 V at 25 mV s-1and 3000 rpm.

In Figure 52, the large hysteresis loop starting at 1.7 V is likely caused by oxygen
evolution, shown in equation 34, since it would be out of the region of stability for water.
The next section of hysteresis from, 1.1 to 1.65 V is caused by the redox reaction of V2+
and VO2+. The V3+ starting solution was readily oxidized to VO2+, which could explain
the large current signal associated with the oxidation of V3+ to VO2+ at the more positive
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potentials. The large dip at the negative potentials is caused by hydrogen evolution, as
described in equation 35.
To better see the vanadium oxidation states redox reactions, a different range of
potential was chosen, in hopes to still see the redox reaction of the vanadium oxidation
states while stopping the adverse effects of the evolution related to water. Figure 53
shows the RDE cyclic voltammogram for 0.1 M V3+ in 6 M H2SO4 over a range of bias
potentials vs. the reference electrode (SCE), starting at 1 V rising to 1.75 V then
sweeping to -0.1 V for a total of 10 segments at a scan rate of 25 mV s-1 while the
working electrode was rotated 3000 rpm.
The RDE cyclic voltammogram obtained from the reduced range of potentials, as
shown in Figure 53, has eliminated the interference associated with the evolution of
hydrogen and oxygen, since these reaction would occur outside of the selected potential
range. The large hysteresis loop at the more positive potentials in this RDE cyclic
voltammogram is caused by the redox reaction of V3+ and VO2+.
There are other areas of small hystereses from roughly -0.15 to 0 V, 0.1 V to
0.3V, and 0.35 to 0.7 V. These hystereses are likely caused by the desorption of
hydrogen from hydrogen evolution, the reduction reaction of V2+ from V3+, and the
oxidation reaction of V2+ and V3+, respectively.
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Figure 53: RDE cyclic voltammogram of 0.1 M V3+ in 6 M H2SO4 using a platinum
RDE working electrode swept from -0.1 V to 1.75 V at 25 mV s-1and 3000 rpm.

To better see the more reduced vanadium oxidation states redox reactions, a
different range of potential was chosen. Figure 54 shows the RDE cyclic voltammogram
for 0.1 M V3+ in 6 M H2SO4 over a range of bias potentials vs. the reference electrode
(SCE), starting at 0.25 V rising to 0.9 V then sweeping to -0.15 V for a total of 10
segments at a scan rate of 25 mV s-1 while the working electrode was rotated 3000 rpm.
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Figure 54: RDE cyclic voltammogram of 0.1 M V3+ in 6 M H2SO4 using a platinum RDE
working electrode swept from -0.15 V to 0.9 V at 25 mV s-1and 3000 rpm

The RDE cyclic voltammogram obtained from the reduced range of potentials, as
shown in Figure 54, makes it easier to see the redox reactions of the more reduced
oxidation states. The section at the more negative potentials is likely caused by the
desorption of hydrogen from hydrogen evolution. The middle section can be attributed to
the redox reaction of V2+ and V3+ while the section at the more positive potentials can be
attributed to the redox reaction of VO2+ and V3+, respectively.

118

Glassy Carbon Rotated Disc Electrode

The RDE CV performed on the glassy carbon RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 1 V rising to 2.5 V then sweeping
to -1 V for a total of 10 segments at a scan rate of 25 mV s-1. The working electrode was
rotated 3000 rpm during the scan and nitrogen was sparged through the solution. The
RDE cyclic voltammogram for 0.1 M V3+ in 6 M H2SO4 for the above mentioned
conditions is shown below in Figure 55.
In Figure 55, the RDE cyclic voltammogram has a large hysteresis loop starting at
0.9 V. The first section of this hysteresis is likely from the redox reaction of VO2+ and
V3+. This hysteresis could also be partly attributed to oxygen interacting with the glassy
carbon RDE surface. When oxygen interacts with a carbon surface C-O functional
groups form and poison the surface of the electrode. The large peak starting at 2.1 V can
be attributed to oxygen evolution, which is irreversible, since it would be out of the
region of stability for water. The large hysteresis from -1 to 0 V is caused by hydrogen
evolution. The hydrogen from this reaction can interact with the poisoned electrode
surface via protonation. Since the supporting electrolyte solution is so acidic, the kinetics
of the protonation of the functional groups on the electrode surface is fast; protonation of
functional groups are more favorable then the deprotonated form in highly acidic
solutions.
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Figure 55: RDE cyclic voltammogram of 0.1 M V3+ in 6 M H2SO4 using a glassy carbon
RDE working electrode swept from -1 V to 2.5 V at 25 mV s-1and 3000 rpm

To get a better view of the phenomena associated with the oxidation states of
vanadium, a new range of potentials were chosen. Figure 56 shows the RDE cyclic
voltammogram for 0.1 M V3+ in 6 M H2SO4 over a range of bias potentials vs. the
reference electrode (SCE), starting at 1 V rising to 1.75 V then sweeping to -0.1 V for a
total of 10 segments at a scan rate of 25 mV s-1 while the working electrode was rotated
3000 rpm.
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Figure 56: RDE cyclic voltammogram of 0.1 M V3+ in 6 M H2SO4 using a glassy carbon
RDE working electrode swept from -0.1 V to 1.75 V at 25 mV s-1and 3000 rpm

The RDE cyclic voltammogram obtained from the reduced range of potentials, as
shown in Figure 56, has eliminated the interference associated with the evolution of
hydrogen and oxygen, since these reaction would occur outside of the selected potential
range. The large hysteresis loop at the more positive potentials in this RDE cyclic
voltammogram is caused by the redox reaction of V3+ and VO2+. There are two other
areas of hystereses from approximately 0 to 0.3 V and 0.45 to 0.65 V. These hystereses
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loops are from the redox reaction of V2+ and V3+ and the reduction reaction of VO2+ to
V3+, respectively. The details of these hystereses loops are hard to read since the current
signal from these reactions are so small compared to the current signal from the oxidation
reaction of V3+ to VO2+.
To better see the more reduced vanadium oxidation states redox reactions, a
different range of potential was chosen. Figure 57 shows the RDE cyclic voltammogram
for 0.1 M V3+ in 6 M H2SO4 over a range of bias potentials vs. the reference electrode
(SCE), starting at 0.25 V rising to 0.9 V then sweeping to -0.15 V for a total of 10
segments at a scan rate of 25 mV s-1 while the working electrode was rotated 3000 rpm.
The RDE cyclic voltammogram obtained from the reduced range of potentials, as
shown in Figure 57, exhibits a the redox reaction of V2+ and V3+ and the redox reaction of
VO2+ and V3+. It is also important to note that the deviation from the RDE cyclic
voltammogram is from the first full cycle and can be ignored since the first segment is
affected by the over potential at the beginning of the first scan which causes this
deviation.
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Figure 57: RDE cyclic voltammogram of 0.1 M V3+ in 6 M H2SO4 using a glassy carbon
RDE working electrode swept from -0.15 V to 0.9 V at 25 mV s-1and 3000 rpm
.

Electrochemical Impedance Spectroscopy

EIS was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. Each electrode
can provide different insight of the electrochemical phenomena happening at the
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electrode surface. The following sections discuss the EIS performed on both platinum
and glassy carbon RDEs.

Platinum Rotated Disc Electrode

The EIS run on the platinum RDE was done over a range of bias potentials vs. the
reference electrode, -0.25 to 2 V, from the lowest to the highest bias potential. The
working electrode was rotated at a rate of 3000 rpm. The impedance measurements were
collected from the highest frequency to the lowest frequency; these measurements can be
analyzed by fitting equivalent circuits to their corresponding Nyquist and Bode plots.
The Nyquist plots obtained from the impedance measurements for the 0.1 M V3+
electrolyte solution from -0.25 to 2 V bias potential vs. reference at 3000 rpm are shown
below in Figure 58.
In Figure 58, there is one large section of bias potentials that has a larger
magnitude of impedance than the rest of the potentials. This large range can be broken up
into two segments.
The first segment, from approximately -0.25 to 0.15 V, is mostly caused by
hydrogen evolution. Hydrogen evolution would have caused interactions at the surface
of the platinum RDE along with a shift in the pH of the electrolyte solution. Adsorbed
hydrogen on the surface of the platinum RDE could be the cause of the noise in the
impedance measurements since the adsorption would lead to an ununiformed surface and
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Figure 58: Nyquist plots of 0.1 M V3+ in 6 M H2SO4 for -0.25 to 2 V bias potential vs.
reference at 3000 rpm on the platinum RDE.

a loss of electrochemically active surface area. The redox reaction of V3+ and V2+ also
occurs during this potential range. The phenomena associated with this reaction at the
electrode surface are likely masked due to adsorption of hydrogen onto the platinum
RDE. The Rs(R1(R2CPE)C) equivalent circuit, as shown below in Figure 59, was used to
model this data.
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Figure 59: Rs(R1(R2CPE)C) circuit. Equivalent circuit used to model V3+.

When fitting the Rs(R1(R2CPE)C) circuit to the impedance measurements, it was
found that the circuit components associated with the electrochemical phenomena at the
electrode also show noticeable changes. The changes in the circuit components can be
seen in Table 10 shown below. In this table, the values obtained for the bias potentials
from -0.2 to 0.1 V represent the system during the electrochemical reaction while the
values obtained for 0.2 V represents the system after the electrochemical reaction has
occurred.
In this table, all of the components of this circuit had some type of nominal
change associated with them, but the only drastic change, over orders of magnitude, was
in the (R2CPE) parallel component. This component of the equivalent circuit must be
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Table 10: Values of the Rs(R1(R2CPE)C) fit parameters for the impedance measurements
on the 0.1 M V3+ electrolyte at various bias potential vs. reference on the platinum RDE.
Bias
Rs (Ω)
C (F)
R1 (Ω)
CPE-T (F)
CPE-P
R2 (Ω)
Potential (V)
-0.2
1.65
4.925 x 10-6
7.37
1.409 x 10-4
0.5463
350.8
-0.1

1.542

4.141 x 10-6

16.33

6.154 x 10-5

0.6852

29820

0

1.141

2.774 x 10-6

2.509

5.749 x 10-5

0.6864

28140

0.1

1.518

4.452 x 10-6

7.25

4.298 x 10-5

0.6264

53510

0.25

1.569

7.382 x 10-6

10.35

3.645 x 10-5

0.6354

27220

responsible for the phenomena caused by the hydrogen interacting with surface of the
platinum electrode. Since there were no other significant changes in the values of the
circuit components, this means that the dominate reaction at the electrode surface can be
attributed to hydrogen evolution.
The section, from approximately 0.5 to 0.8 V, can be attributed to the redox
reaction of VO2+ and V3+ at the electrode surface. The Rs(R1(R2CPE)C) circuit was
again used to model the impedance measurements. The changes in the values of the
circuit components associated with the electrochemical phenomena at the electrode can
be seen in Table 11 shown below. In this table, the values obtained for the bias potentials
0.55, 0.65 and 0.75 V represent the system in the midst of the electrochemical reaction
while the values obtained for the bias potentials 0.45 and 0.85 V represent the system
before and after the electrochemical reaction occur, respectively.
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Table 11: Values of the Rs(R1(R2CPE)C) fit parameters for the impedance measurements
on the 0.1 M V3+ electrolyte from a bias potential range of 0.45 to 0.85 V vs. reference on
the platinum RDE.
Bias
Rs (Ω)
C (F)
R1 (Ω)
CPE-T (F)
CPE-P
R2 (Ω)
Potential (V)
0.45
1.59
3.734 x 10-6
14.45
3.040 x 10-5
0.5818
24320
0.55

1.55

3.331 x 10-6

12.7

2.079 x 10-5

0.6371

17300

0.65

1.554

3.354 x 10-6

15.76

1.903 x 10-5

0.642

40090

0.75

1.578

3.755 x 10-6

19.8

2.010 x 10-5

0.6041

9366

0.85

1.547

3.687 x 10-6

13.59

1.836 x 10-5

0.6385

2810

In this table, again, all of the components of this circuit had some type of nominal
change associated with them, but the only drastic change was found in the (R2CPE)
parallel component. Since there were no other significant changes in the values of the
other circuit components, this means one of two things. The increases in impedance from
-0.25 to 0.15 V and 0.5 to 0.8 V are actually caused by the Volmer-Tafel mechanism and
the Volmer-Heyrovsky mechanism, previously discussed in Chapter 4, or simply due to
poisoning of the platinum RDE.
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Glassy Carbon Rotated Disc Electrode

The EIS run on the glassy carbon RDE was done over a range of bias potentials
vs. the reference electrode, -0.25 to 1.95 V, from the lowest to the highest bias potential.
The working electrode was rotated at a rate of 3000 rpm. The impedance measurements
were collected from the highest frequency to the lowest frequency; these measurements
can be analyzed by fitting equivalent circuits to their corresponding Nyquist and Bode
plots. The Nyquist plots obtained from the impedance measurements for the 0.1 M V3+
electrolyte solution from -0.25 to 2 V bias potential vs. reference at 3000 rpm are shown
below in Figure 60.
In Figure 60, there are two sections of bias potentials that have a large increase of
impedance. The section, from approximately 1.5 to 2 V, is likely caused by oxygen
evolution. Oxygen evolution could have shifted the pH of the solution causing the
increase in impedance.
The section, from approximately -0.25 to 0.9 V, is caused by multiple
electrochemical reactions at the electrode surface causing the changes in impedance.
There are three possible reactions for this range of bias potentials. The first reaction is
hydrogen evolution, this reaction would occur in the more negative potentials. The next
reaction, the redox reaction of V2+ and V3+, begins at negative potentials and reaches into
the low positive potential. The third reaction is the redox reaction of VO2+ and V3+,
which occurs in the positive potentials below 1 V. The exact reduction potential for the
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Figure 60: Nyquist plots of 0.1 M V3+ in 6 M H2SO4 for -0.25 to 2 V bias potential vs.
reference at 3000 rpm on the glassy carbon RDE.

second and third reactions depend on the pH of the electrolyte solution, as shown in the
Pourbaix diagram back in Figure 3. The equivalent circuit used to model these two
segments of impedance data was the Rs(R1(R2CPE)C) circuit, as shown above in
Figure 59. The changes of the circuit components associated with the electrochemical
phenomena at the electrode can be seen in Table 12, shown below. In this table, the
values obtained for the bias potentials from -0.25 to 0.25 V represent the system during
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Table 12: Values of the Rs(R1(R2CPE)C) fit parameters for the impedance measurements
on the 0.1 M V3+ electrolyte from a bias potential range of -0.25 to 0.4 V vs. reference on
the glassy carbon RDE.
Bias
Rs (Ω)
C (F)
R1 (Ω)
CPE-T (F)
CPE-P
R2 (Ω)
Potential (V)
-0.25
1.765 3.270 x 10-4
109.5
1.056 x 10-4
0.8131
7018
-0.05

1.698

4.408 x 10-4
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7.2549 x 10-5

0.7742

2.125 x 1012

0.15

1.687

6.880 x 10-4

104

4.619 x 10-5

0.6881

3.973x 1011

0.25

1.633

7.963 x 10-4

1.06

1.138 x 10-3

0.6095

1.44 x 107

0.4

1.626

1.050 x 10-3

2.27

4.0195 x 10-5

0.6753

8605

the electrochemical reaction while the values obtained for 0.4 V represent the system
after the electrochemical reaction has occurred.
In this table, all of the components of this circuit have some type of significant
change associated with them. This means that there is more than one process occurring at
the electrode surface. The (R2CPE) parallel component of the equivalent circuit is likely
responsible for the phenomena caused by the hydrogen interacting with surface of the
glassy carbon electrode through the C-O functional groups. While the Rs(R1C)
components represent the various phenomena associated with the vanadium redox
reactions.
When fitting the Rs(R1(R2C)C) circuit to the second segment of the impedance
measurements, from approximately 0.4 to 0.9V, the circuit components associated with
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the electrochemical phenomena at the electrode also show noticeable changes, that can be
seen in Table 13, shown below.

Table 13: Values of the Rs(R1(R2CPE)C) fit parameters for the impedance measurements
on the 0.1 M V3+ electrolyte at various bias potential vs. reference on the glassy carbon
RDE.
Bias
Rs (Ω)
C (F)
R1 (Ω)
CPE-T (F)
CPE-P
R2 (Ω)
Potential (V)
0.4
1.626
1.050 x 10-3
2.269
4.020 x 10-5
0.6753
8605
0.5

1.629

9.115 x 10-4

2.322

5.217 x 10-5

0.7136

5615

0.6

1.626

6.762 x 10-4

2.594

4.420 x 10-5

0.7452

6902

0.7

1.626

5.420 x 10-4

2.724

4.195 x 10-5

0.7768

6195

0.8

1.625

4.717 x 10-4

2.743

4.047 x 10-5

0.7976

1892

0.9

1.601

3.954 x 10-4

2.313

1.273 x 10-4

0.9225

98.81

In this table, the values obtained for the bias potentials from 0.5 to 0.8 V represent
the system in the midst of the electrochemical reaction while the values obtained for the
bias potentials 0.4 and 0.9 V represent the system before and after the electrochemical
reaction takes place, respectively. This table shows that only one of the components of
this circuit has a significant change outside of the (R2CPE) parallel component. The
capacitance of C decreases by roughly 2.5 times. This loss of capacitance is likely from
the oxidation reaction of V3+ to VO2+.

CHAPTER 6
VANADIUM (II)

Vanadium(II), or V2+, is the most reduced form of vanadium in aqueous solution
and is purple, specifically lilac in color. This species is easily oxidized back to VO2+;
therefore is very unstable under atmospheric conditions and must be stored under an inert
gas, or have a constant reducing force to stay at this oxidation state.

Ultraviolet Visible Spectroscopy

The ultraviolet visible spectroscopy (UV-VIS) was done over a range of
wavelengths from the longest to the shortest wavelength, 900 nm to 400 nm. The
absorbance spectrum for 0.033M V2+ vs. 6 M sulfuric acid reference can be seen below in
Figure 61. The peak wavelength from this spectrum was found to be 578 nm. The
standardization curve for V2+ vs. 6 M sulfuric acid reference collected at 578 nm, shown
below in Figure 62, follows Beer-Lambert law shown in equation 32. The equation of
the standardization curve was found to be:
𝐴 =3.9c

(45)
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Figure 61: Absorbance spectrum for 0.033M V2+ vs. 6 M sulfuric acid reference. The
spectrum was scanned from 900 nm to 400 nm. The peak wavelength was 578 nm.
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Figure 62: Standardization curve for V2+ vs. 6 M sulfuric acid reference collected at
578 nm. The equation for the curve was found to be A=3.9c with a R2 value of 0.9979.
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With an R2 value of 0.9979, since this species is not stable under atmospheric conditions
there is likely a larger error associated them reported. The slope of this curve was found
to be 3.9 Lmol-1, which directly correlates with the molar extinction coefficient times the
path length. Since the path length of the cell was 1 cm, the molar extinction coefficient
can be calculated to be 3.9 L mol-1cm-1.

Cyclic Voltammetry

RDE CV was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. The platinum
RDE readily reacts with hydrogen so the cathodic (negative) potential range is limited.
The glassy carbon RDE should not react with hydrogen so the signal at cathodic
potentials can be seen. By using RDEs the mass transport to the electrode surface can be
controlled and gas bubbles are prevented from attaching to the surface of the electrode.
The following sections discuss the RDE CV performed on both platinum and glassy
carbon RDEs.

Platinum Rotated Disc Electrode

The RDE CV performed on the platinum RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 1 V rising to 2.25 V then
sweeping to -0.75 V for a total of 10 segments at a scan rate of 25 mV s-1. The working
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electrode was rotated 3000 rpm during the scan and nitrogen was sparged through the
solution. The RDE cyclic voltammogram for 0.1 M V2+ in 6 M H2SO4 using a platinum
RDE working electrode swept from -0.75 V to 2.25 V at 25 mV s-1and 3000 rpm is
shown below in Figure 63.
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Figure 63: RDE cyclic voltammogram of 0.1 M V2+ in 6 M H2SO4 using a platinum RDE
working electrode swept from -0.75 V to 2.25 V at 25 mV s-1and 3000 rpm.
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In Figure 63, the large hysteresis loop starting at 1.75 V is caused by oxygen
evolution, described in equation 34. The oxygen evolution reaction occurs at higher
potentials then defined by the region of stability for water. The large dip at -0.5 V is
caused by hydrogen evolution. The hydrogen evolution reaction occurs at lower
potentials then defined by the region of stability for water. The V2+ starting solution was
readily oxidized to V3+, which could explain the presence of the redox reaction of VO2+
and V3+ the similarity to the results from the V3+ starting solution.
To get a better view of the redox reactions of the vanadium oxidation states, a
new range of bias potentials was chosen. Figure 64 shows the RDE cyclic voltammogram
for 0.1 M V2+ in 6 M H2SO4 over a range of bias potentials vs. the reference electrode
(SCE), starting at 1 V rising to 1.75 V then sweeping to -0.25 V for a total of 10 segments
at a scan rate of 25 mV s-1 while the working electrode was rotated 3000 rpm.
The RDE cyclic voltammogram obtained from the reduced range of potentials, as
shown in Figure 64, still contains the large peak associated hydrogen evolution. Since
V2+ was being used as the electrolyte solution, there was a good chance that the redox
reactions will have a large enough current signal, relative to V3+ and VO2+, associated
with the reaction because of the high starting concentration of V2+. Even with the added
concentration from the electrolyte solution, the peaks associated with hydrogen evolution
still mask the oxidation reaction of V2+ to V3+.
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Figure 64: RDE cyclic voltammogram of 0.1 M V2+ in 6 M H2SO4 using a platinum RDE
working electrode swept from -0.25 V to 1.75 V at 25 mV s-1and 3000 rpm.

The large hysteresis loop starting at 1.1 V can be attributed to the redox reaction
of VO2+ and V3+ and the large dip at the most negative potential is from hydrogen
evolution. What is interesting about this RDE cyclic voltammogram is that there is a
singular, long hysteresis that extends from -0.05 to 1 V where the redox reaction of V2+
and V3+and the reduction of V3+ from VO2+ would occur, respectively.
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Glassy Carbon Rotated Disc Electrode

The RDE CV performed on the glassy carbon RDE was done over a range of bias
potentials vs. the reference electrode (SCE), starting at 1 V rising to 2.5 V then sweeping
to -1 V for a total of 10 segments at a scan rate of 25 mV s-1. The working electrode was
rotated 3000 rpm during the scan and nitrogen was sparged through the solution. The
RDE cyclic voltammogram for 0.1 M V2+ in 6 M H2SO4 for the above mentioned
conditions is shown below in Figure 65.
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Figure 65: RDE cyclic voltammogram of 0.1 M V2+ in 6 M H2SO4 using a glassy carbon
RDE working electrode swept from -1 V to 1.5 V at 25 mV s-1and 3000 rpm
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In Figure 65, the large hysteresis in the higher potentials can be caused by a few
factors, with the first factor being the redox reaction of VO2+ and V3+ and the second
factor being oxygen evolution. Oxygen released into solution by this reduction and from
oxygen evolution can interact with the surface of the glassy carbon electrode and form
C-O functional groups.
The small hysteresis loop at -0.5 to -0.3 V can likely be attributed to the redox
reaction of V2+ and V3+, which is known for being easily oxidized, which is why the
redox reaction of VO2+ and V3+ is present.
To get a better view of the redox reactions of the vanadium oxidation states, a
new range of bias potentials was chosen. Figure 66 shows the RDE cyclic voltammogram
for 0.1 M V2+ in 6 M H2SO4 over a range of bias potentials vs. the reference electrode
(SCE), starting at 0.5 V rising to 1.75 V then sweeping to -0.5 V for a total of 10
segments at a scan rate of 25 mV s-1 while the working electrode was rotated 3000 rpm.
The RDE cyclic voltammogram obtained from the reduced range of potentials, as
shown in Figure 66, still contains the large hysteresis associated with the redox reaction
of VO2+ and V3+. Since the small hysteresis at -0.5 to -0.3 V, in Figure 65 was attributed
to the redox reaction of V2+ and V3+, this dip starting at -0.25 V can likely be partly
attributed to both the redox reaction of V2+ and V3+ and hydrogen evolution. With V2+
being used as the electrolyte solution, there was a good chance that the redox reactions of
V2+ and V3+ will have a large enough current signal, relative to V3+ and VO2+, associated
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Figure 66: RDE cyclic voltammogram of 0.1 M V2+ in 6 M H2SO4 using a glassy carbon
RDE working electrode swept from -0.5 V to 1.75 V at 25 mV s-1and 3000 rpm

with the reaction because of the high starting concentration of V2+. But even with the
added concentration from the electrolyte solution, the current signal contributed from
hydrogen evolution will still mask the oxidation reactions of V2+ to V3+. Even though
there is a hysteresis over the potentials that the redox reaction of VO2+ and V3+ should be
occurring during, there is no change in the current signal over this range of potentials.
To further explore the redox reaction of the vanadium oxidation states, RDE CV
was performed on the glassy carbon RDE over a range of bias potentials vs. the reference
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electrode (SCE), starting at 0.5 V rising to 0.9 V then sweeping to -0.5 V for a total of 10
segments at a scan rate of 25 mV s-1. The working electrode was rotated 3000 rpm
during the scan and nitrogen was sparged through the solution. The RDE cyclic
voltammogram obtained from these above conditions for 0.1 M V2+ in 6 M H2SO4 is
shown below in Figure 67.
The RDE cyclic voltammogram obtained from reduced range of potentials, as
shown in Figure 67, does show the presence of the redox reaction of VO2+ and V3+.
Through the mess created by hysteresis between the subsequent scan segments, there is a
large dip at the most negative potential caused by hydrogen evolution. This causes an
ongoing shift in pH with each scan, which caused the reduction potentials to be shifted
for each subsequent scan, since the oxygen evolution reaction does not occur, therefore
shifting the pH in opposition of hydrogen evolution, in this range of potentials.
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Figure 67: RDE cyclic voltammogram of 0.1 M V2+ in 6 M H2SO4 using a glassy carbon
RDE working electrode swept from -0.5 V to 0.9 V at 25 mV s-1and 3000 rpm

Electrochemical Impedance Spectroscopy

EIS was run on both platinum and glassy carbon RDEs because the
electrochemistry at the electrode surface is different for each electrode. Each electrode
can provide different insight of the electrochemical phenomena happening at the

143

electrode surface. The following sections discuss the EIS performed on both platinum
and glassy carbon RDEs.

Platinum Rotated Disc Electrode

The EIS run on the platinum RDE was done over a range of bias potentials vs. the
reference electrode, -0.25 to 2 V, from the lowest to the highest bias potential. The
working electrode was rotated at a rate of 3000 rpm. The impedance measurements were
collected from the highest frequency to the lowest frequency; these measurements can be
analyzed by fitting equivalent circuits to their corresponding Nyquist and Bode plots.
The Nyquist plots obtained from impedance measurements for the 0.1 M V2+ electrolyte
solution for the range of -0.25 to 2 V bias potentials vs. the reference at 3000 rpm are
shown below in Figure 68.
Figure 68 shows a steady increase in impedance from the beginning of the bias
potential range to approximately 0.8 V where it peaks and quickly decreases. This trend
could likely be caused by the readily oxidized 0.1 M V2+ electrolyte solution. The
Rs(R1(R2CPE)C) circuit, as shown in Figure 59, was, again, used to model the impedance
measurements. The changes in the values of the circuit components associated with the
electrochemical phenomena at the electrode can be seen in Table 14 shown below.
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Figure 68: Nyquist plots of 0.1 M VO2+ in 6 M H2SO4 for -0.25 to 2 V bias potential vs.
reference at 3000 rpm.

Table 14: Values of the Rs(R1(R2CPE)C) fit parameters for the impedance measurements
on the 0.1 M V2+ electrolyte from a bias potential range of -0.25 to 1 V vs. reference on
the platinum RDE.
Bias
Rs (Ω)
C (F)
R1 (Ω)
CPE-T (F)
CPE-P
R2 (Ω)
Potential (V)
-0.25
1.827
9.608 x 10-5
0.9927
3.022 x 10-2
0.4936
3.057
0

1.764

3.362 x 10-6

9.082

2.634 x 10-5

0.6723

1892

0.25

1.723

2.747 x 10-6

45.83

4.258 x 10-5

0.6048

9338

0.5

1.681

2.826 x 10-6

25.68

2.676 x 10-5

0.5372

40940

0.75

1.656

3.387 x 10-6

46.23

1.936 x 10-5

0.5925

144200

1.0

1.678

3.608 x 10-6

0.001322

5.312 x 10-5

0.4832

1643
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In this table, the values obtained for the bias potentials from -0.25 to 0.75 V
represent the system while the electrochemical reaction is occurring while the values
obtained for the 1 V represent the system after the electrochemical reaction is finished.
There is a change is all of the circuitry components for the equivalent circuit, as
shown in Table 14, which likely means that there was an electrochemical phenomenon
happening at the electrode for each of the component of the equivalent circuit. The
largest change occurred at R3. Since the most dominant mechanism happening
throughout that potential range is the electron transfer, meaning R3 represents the charge
transfer resistance. If R3 is the charge transfer resistance than the CPE would represent
the capacitance of the double layer.

Glassy Carbon Rotated Disc Electrode

The EIS run on the glassy carbon RDE was done over a range of bias potentials
vs. the reference electrode, -0.25 to 2 V, from the lowest to the highest bias potential.
The working electrode was rotated at a rate of 3000 rpm. The impedance measurements
were collected from the highest frequency to the lowest frequency; these measurements
can be analyzed by fitting equivalent circuits to their corresponding Nyquist and Bode
plots. The Nyquist plots obtained from impedance measurements for the 0.1 M V2+
electrolyte solution for the range of -0.25 to 1.5 V bias potentials vs. reference at
3000 rpm are shown below in Figure 69.
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Figure 69: Nyquist plots of 0.1 M V2+ in 6 M H2SO4 for -0.25 to 1.5 V bias potential vs.
reference at 3000 rpm.

In Figure 69, there are two step-like sections of bias potentials that have a large
increase of impedance followed immediately by a sharp decrease in impedance. The two
step-like sections have a sharp increase then levels out. The first step section, from
approximately -0.1 to 0.2 V, is likely caused by the redox reaction of V2+ and V3+. The
second step section, from approximately 0.35 to 0.85 V, can be attributed to the redox
reaction of VO2+ and V3+. The equivalent circuit used to model these two step-like
segments of impedance data was the Rs(R1(R2C)CPE) circuit, shown in Figure 70, shown
below. The changes of the circuit components associated with the electrochemical
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CPE
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Figure 70: Rs(R1(R2C)CPE) circuit. Equivalent circuit for V2+.

phenomena at the electrode can be seen for each step-like segment in Table 15 and 16,
shown below. In Table 15, the values obtained for the bias potentials from -0.1 to 0.2 V
represent the system during the electrochemical reaction while the values obtained for 0.3
V represent the system after the electrochemical reaction has occurred. In Table 16, the
values obtained for the bias potentials from 0.35 to 0.85 V represent the system during
the electrochemical reaction while the values obtained for the bias potentials at 0.3 and
0.9 V represent the system before and after the electrochemical reaction has occurred,
respectively.
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Table 15: Values of the Rs(R1(R2C)CPE) fit parameters for the impedance measurements
on the 0.1 M V2+ electrolyte from a bias potential range of -0.1 to 0.3 V vs. reference on
the glassy carbon RDE.
Bias
Rs (Ω)
CPE-T (F)
CPE-P
R1 (Ω)
C (F)
R2 (Ω)
Potential
(V)

-0.1

1.395

4.039 x 10-4

0.6187

72.26

6.626 x 10-4

128.8

0

1.216

7.238 x 10-4

0.5755

250.6

2.266 x 10-4

515.6

0.1

1.455

5.944 x 10-4

0.6124

526.9

3.643 x 10-4

2504

0.2

1.492

5.989 x 10-4

0.6226

667

4.005 x 10-4

9695

0.3

1.505

7.004 x 10-4

0.6203

1124

3.283 x 10-4

31610

Table 16: Values of the Rs(R1(R2C)CPE) fit parameters for the impedance measurements
on the 0.1 M V2+ electrolyte from a bias potential range of 0.3 to 0.9 V vs. reference on
the glassy carbon RDE.
Bias
Rs (Ω)
CPE-T (F)
CPE-P
R1 (Ω)
C (F)
R2 (Ω)
Potential
(V)

0.3

1.505

7.004 x 10-4

0.6203

1124

0.0003283

31610

0.35

1.533

7.323 x 10-4

0.6239

1514

0.0002785

42370

0.45

1.567

7.199 x 10-4

0.6355

2835

0.0002043

86880

0.55

1.578

5.069 x 10-4

0.6602

4150

0.0001663

34520

0.65

1.595

3.259 x 10-4

0.6937

7987

8.696 x 10-5

46380

0.75

1.612

2.400 x 10-4

0.7201

12610

8.637 x 10-5

336900

0.85

1.588

1.876 x 10-4

0.7420

200

4.178 x 10-6

10100

0.9

1.559

2.205 x 10-4

0.7279

703.9

1.8174x 10-6

5434
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There is a change is all of the circuitry components for the Rs(R1(R2C)CPE)
equivalent circuit, as shown in Table 15 and 16, meaning that there was an
electrochemical phenomenon happening at the electrode for each of the component of the
equivalent circuit. The largest change occurred at R3. Since the most dominate
mechanism happening throughout that potential range is the electron transfer, meaning R3
represents the charge transfer resistance. Since the change in impedance can be attributed
to the increase in charge transfer resistance, then the first step section, from
approximately -0.1 to 0.2 V, as shown in Table 15, is caused by the redox reaction of V2+
and V3+. Then the second step section, from approximately 0.35 to 0.85 V, as shown in
Table 16, is caused by the redox reaction of VO2+ and V3+.

CHAPTER 7
FLOW CELL

Electrochemical Impedance Spectroscopy

EIS was run on both flow cells because the electrochemistry at the electrode
surface is different for each electrode. Each electrode can provide different insight of the
electrochemical phenomena happening at the electrode surface.
The EIS run performed on each flow cell over a range of bias potentials vs. the
reference electrode, -0.25 to 1.5 V, from the lowest to the highest bias potential. The
working electrode for this system was the positive electrode of the VRFB and the
counter/ reference electrode was the negative electrode of the VRFB. The impedance
measurements were collected from the highest frequency to the lowest frequency; these
measurements can be analyzed using their corresponding Nyquist and Bode plots. The
Nyquist plots obtained from the impedance measurements for the modified flow cell
using the 0.1 M V3+ and 0.1 M VO2+ electrolyte solutions from -0.25 to 1.5 V bias
potential vs. reference at 3000 rpm are shown below in Figure 71.
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In Figure 71, there is one large section of bias potentials that has a larger
magnitude of impedance than the rest of the potentials. The peak of the impedance starts
in the negative potentials then gradually decreases as the bias potential increases.
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Figure 71: Nyquist plots of modified flow cell for charging system from -0.25 to 1.5 V
bias potential vs. reference
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When fitting the Rs(R1(R2C)CPE) circuit to the impedance measurements, it was
found that the circuit components associated with the electrochemical phenomena at the
electrode also show noticeable changes. The changes in the circuit components can be
seen in Table 17 shown below. In this table, the values obtained for the bias potentials
from -0.2 to 0.3 V represent the system during the electrochemical reaction that takes

Table 17: Values of the Rs(R1(R2C)CPE) fit parameters for the impedance measurements
on the modified flow cell using 0.1 M V3+ and 0.1 M VO2+ electrolyte solutions at
various bias potential vs. reference.
Bias
Rs (Ω)
CPE-T (F)
CPE-P
R1 (Ω)
C (F)
R2 (Ω)
Potential (V)
-0.2
3.082 0.0001779
0.8105
3.095
7.9202 x 10-5
8177
7.4805 x 10-5

-0.1

2.989

0.00017626

0.81155

2.987

10002

0

2.96

0.00016706

0.81736

2.925

7.1566 x 10-5

9443

0.1

2.923

0.00015122

0.83291

2.886

6.9558 x 10-5

4758

0.2

2.903

0.00014853

0.83463

2.841

6.8684 x 10-5

2036

0.3

2.809

0.00015877

0.82578

2.832

6.8558 x 10-5

959.1

0.4

2.787

0.00019923

0.80478

2.697

6.7624 x 10-5

598.9

place while the values obtained for the bias potentials at 0.4 V represent the system after
the electrochemical reaction has occurred.
In this table, it is easy to see the oxidation occurring at the positive electrode
surface of the flow cell. The charge transfer resistance, R2 in this case, is one of the most
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important phenomena associated with flow cells since it describes the flow of electrons in
the system. With less charge transfer resistance the redox reactions needed to charge the
system with will be faster.

CHAPTER 8
FUTURE WORK

The future work of this project needs to move forward studying the RFB systems
while they are in flux. To do this, spectroelectrochemistry studies could be done. This
would be helpful in the examination of a redox flow in flux. Galvanostatic EIS can also
be utilized since it would allow for the impedance measurements to be taken while the
RFB systems are charging or discharging instead of having to run impedance
measurements on a steady state system.
UV-VIS could be run in a system that has a built in sparge system or atmosphere
evacuation. Since the more reduced vanadium oxidation states are so readily oxidized
under atmospheric conditions it would help get better results. Doing more analysis of the
mixed charge electrolyte solution could be useful when the RFB systems are in flux.
More CV analysis should be done for the more reduced vanadium oxidation states
since poisoning of the electrode often occurred while examining the lower potential.
More EIS experiments need to be run on the glassy carbon electrode especially for the
more reduced oxidation states of vanadium since carbon is the go to electrode for so
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many processes. Also, more EIS experiments need to be done on the flow cell and the
modified flow cell for both the charged state and the discharged state.
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